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Abstract

Plants adjust their allocation to different organs based on nutrient supply. In some
plant species, symbioses with nitrogen-fixing bacteria that live in root nodules provide
an alternate pathway for nitrogen acquisition. Does access to nitrogen-fixing bacte-
ria modify plants' biomass allocation? We hypothesized that access to nitrogen-fixing
bacteria would have the same effect on allocation to aboveground versus below-
ground tissues as access to plentiful soil nitrogen. To test this hypothesis and related
hypotheses about allocation to stems versus leaves and roots versus nodules, we con-
ducted experiments with 15 species of nitrogen-fixing plants in two separate green-
houses. In each, we grew seedlings with and without access to symbiotic bacteria
across a wide gradient of soil nitrogen supply. As is common, uninoculated plants al-
located relatively less biomass belowground when they had more soil nitrogen. As we
hypothesized, nitrogen fixation had a similar effect as the highest level of fertilization
on allocation aboveground versus belowground. Both nitrogen fixation and high fer-
tilization led to ~10% less biomass allocated belowground (~10% more aboveground)
than the uninoculated, lowest fertilization treatment. Fertilization reduced allocation
to nodules relative to roots. The responses for allocation of aboveground tissues to
leaves versus stems were not as consistent across greenhouses or species as the other
allocation trends, though more nitrogen fixation consistently led to relatively more
allocation to leaves when soil nitrogen supply was low. Synthesis: Our results suggest
that symbiotic nitrogen fixation causes seedlings to allocate relatively less biomass
belowground, with potential implications for competition and carbon storage in early

forest development.
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1 | INTRODUCTION

Plants allocate biomass to different organs with different functions
(Bazzaz & Grace, 1997). For example, leaves photosynthesize, stems
provide structure and aid in light competition, and roots anchor
plants to the ground and forage for nutrients and water (Poorter
et al., 2012). Allocation to different tissues has important conse-
quences ranging from life history to the global carbon cycle (Bazzaz
& Grace, 1997; lwasa, 2000). For example, stems persist longer and
decompose slower than leaves or fine roots, so more biomass allo-
cation to stems sustains carbon storage, with clear implications for
global climate (Friend et al., 2014). In certain plants, root nodules
house symbiotic bacteria that fix dinitrogen gas (Huss-Danell, 1997;
Sprent, 2009). As an additional source of nitrogen (N), N fixation
could influence biomass allocation, but this has been much less ex-
plored than the effect of soil N.

It has long been known that plants adjust their allocation based
on resource supply (Brenchley, 1916; Maximov & Yapp, 1929;
Shirley, 1929). Decades of empirical work show that plants allocate
more biomass belowground when in need of belowground resources,
particularly nutrients (Brenchley, 1916; Chapin Ill, 1980; Ingestad &
Agren, 1991; McCarthy & Enquist, 2007; Poorter et al., 2012; Poorter
& Nagel, 2000). However, the degree of plasticity of biomass allo-
cation varies widely across plants (Chapin Ill, 1980), and plants also
have other ways to respond to nutrient limitation, such as altering
stoichiometry within plant organs (Poorter et al., 2012). The physio-
logical and genetic mechanisms underpinning how nutrient limitation
alters belowground versus aboveground allocation are relatively well
understood (Hermans et al., 2006; Poorter et al., 2012). Substantial
theory using multiple approaches also supports the idea that nutri-
ent limitation leads to greater allocation belowground (e.g., Bloom
etal., 1985; Dybzinski et al., 2011; Ingestad & Agren, 1991; Poorter &
Nagel, 2000; Reynolds & Pacala, 1993; Thornley, 1972; Wilson, 1988).
These theoretical approaches range from optimality approaches that
maximize growth rates (e.g., Bloom et al., 1985; Thornley, 1972) to
evolutionarily stable strategy approaches that maximize fitness in a
competitive context (e.g., Dybzinski et al., 2011).

Given the different functional roles of leaves versus stems and
the different degrees of scaling with body size, a number of research-
ers have suggested dividing tissues into roots, leaves, and stems
rather than simply roots and shoots (McCarthy & Enquist, 2007;
Poorter & Nagel, 2000). Theoretical predictions for how nutrient
addition affects allocation to leaves versus stems are less consistent
than they are for aboveground versus belowground allocation. For
example, Dybzinski et al. (2011) found that data from canopy-level
trees matched theoretical expectations from an evolutionarily stable
strategy approach, which predicted that N addition leads to greater
investment in wood as opposed to foliage. The proposed mechanism
for their finding is that allocation to stems, which increases height, is
more beneficial for light competition than packing additional leaves
into an already full canopy (Dybzinski et al., 2011). However, a re-
view across a broad array of plant types found different patterns at
different degrees of N limitation. When N was scarce, increasing N

availability led to greater investment in foliage as opposed to stems,
but at moderate to high N availability, increasing N availability led
to similar increases in both foliage and stems (Poorter et al., 2012).
These studies focused on N rather than all nutrients, as do we,
given its importance as a commonly limiting nutrient (LeBauer &
Treseder, 2008) and given that our focus in this work is on the unique
trait of N fixation.

In addition to acquiring N from the soil via their roots or mycor-
rhizal partners, certain species of plants can procure atmospheric
N, gas via symbioses with N-fixing bacteria. These plants include
most legumes (Fabaceae), which form “rhizobial” symbioses with
rhizobia-type bacteria (Sprent, 2009), and plants from eight other
families that form “actinorhizal” symbioses with Frankia-type bacte-
ria (Huss-Danell, 1997). Rhizobial plants are morphologically diverse,
ranging from tropical trees to Mediterranean shrubs to arctic herbs
(Sprent, 2009). They account for all N-fixing crops and forage, such
as soybean and alfalfa, and thus are indispensable for feeding hu-
manity (Peoples et al., 2021). On the contrary, actinorhizal plants
are almost entirely woody (Huss-Danell, 1997). Actinorhizal plants
comprise the majority of mid-to-high-latitude N-fixing tree symbi-
oses, whereas rhizobial plants dominate the N-fixing tree commu-
nity at lower latitudes (Menge et al., 2017). Given their phylogenetic
and morphological differences, it is conceivable that rhizobial versus
actinorhizal groups allocate biomass differently. Alternatively, given
their common ecological role as N fixers, perhaps their biomass al-
location is similar. In both symbiotic types, dinitrogen gas is fixed
in specialized root organs known as nodules whose sole purpose
is to house symbiotic bacteria. N fixation in nodules can provide
large quantities of N, raising interesting questions about biomass
allocation. Does N fixation have similar effects on allocation as
additional soil N such that fixing N leads to less allocation below-
ground? Or does the biomass required to build nodules simply re-
place the biomass that would have been used for roots, leading to
similar aboveground versus belowground allocation? In addition to
the structural cost of building nodules, N fixation also has metabolic
costs (Gutschick, 1981; Tjepkema & Winship, 1980), but we focus on
the structural costs, given our focus on biomass allocation.

A number of studies have examined the relative effects of soil
N versus N fixation on biomass allocation in seedlings. Multiple
studies with the actinorhizal genus Alnus—A.incana (Ingestad, 1980;
Sellstedt, 1986; Sellstedt & Huss-Danell, 1986), A. viridis (Markham &
Zekveld, 2007), and A.rubra (Arnone Il & Gordon, 1990)—found that
inoculation had similar effects on aboveground versus belowground
allocation as adding sufficient amounts of inorganic soil N to over-
come N limitation of plant growth. These studies found that both in-
oculation and sufficient soil N led to relatively less biomass allocated
belowground and relatively more aboveground biomass allocated to
stems rather than leaves. Some of these studies also found that add-
ing inorganic soil N decreased allocation to nodules (Ingestad, 1980;
Markham & Zekveld, 2007), though another did not (Arnone Il &
Gordon, 1990). Dovrat et al. (2020) grew three species of herba-
ceous Mediterranean legumes and observed a different trend that
suggests a role of inoculation itself: inoculation of plants that were
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already N-sufficient led to relatively less biomass belowground. In
an experiment with the tropical rhizobial N-fixing tree Pentaclethra
macroloba, Taylor and Menge (2021) found yet another trend: inocu-
lated plants had similar aboveground versus belowground allocation
as uninoculated plants, regardless of fertilization level, suggesting
that nodule biomass simply replaced root biomass. Data from ad-
ditional species are needed to determine if these distinct effects of
inoculation on biomass allocation are broadly representative of the
different taxonomic groups (actinorhizal trees vs. Mediterranean
rhizobial shrubs vs. tropical rhizobial trees), the environmental con-
ditions under which they were studied, or some other factor.

Here, we studied allocation of biomass to different tissues in 15
symbiotic plant taxa. We conducted two separate experiments, in
two greenhouses, using similar manipulations in both experiments.
We grew the plants across a wide range of soil N supply and, at the
highest level of soil N supply, across two levels of soil P supply (see
Section 2). We also manipulated the ability to fix N by inoculating
half the plants with symbiotic bacteria. Within inoculated plants, the
amount of fixation varied enough to allow us to statistically sepa-
rate the effects of inoculation versus N fixation itself. We asked one
basic question about three different allocation patterns: How do
soil N supply, inoculation, and N fixation interact to affect allocation
to (1) aboveground versus belowground tissues? (2) leaves versus
stems, and (3) nodules versus roots? In the second experiment, we
added a question: How do these allocation patterns differ between
three different types of N-fixing symbiosis: rhizobial tree species,
actinorhizal tree species, and an agricultural herb (soybean)? We
chose soybean as the agricultural herb because it is the largest pro-
vider of grain worldwide and it is a species in which N fixation has
been well studied (Peoples et al., 2021).

Our overall hypotheses were that N fixation would have simi-
lar effects as soil N supply on allocation and that the effect of in-
oculation would be negligible aside from its effects on N fixation.
Specifically, we tested the following hypotheses. (H1a) Both N fer-
tilization and N fixation would decrease allocation to belowground
tissues, as observed elsewhere for N fertilization in many nonfix-
ing species (Brenchley, 1916; Ingestad & Agren, 1991; Poorter &
Nagel, 2000) and for both N fertilization and inoculation (presum-
ably through N fixation) with Alnus (Arnone Ill & Gordon, 1990;
Ingestad, 1980; Markham & Zekveld, 2007; Sellstedt, 1986; Sellstedt
& Huss-Danell, 1986) and with Mediterranean shrubs (Dovrat
et al.,, 2020). (H1b) Inoculation would act primarily through its effect
on N fixation, that is, through increased N supply. In other words,
an inoculated plant fixing a negligible amount of N would allocate
biomass similarly to an uninoculated plant. For leaves versus stems,
the theoretical work of Dybzinski et al. (2011) suggests greater allo-
cation to stems relative to leaves with increasing soil N supply, but
their theory was developed in the context of a closed canopy for-
est, whereas our experiments were in greenhouse conditions where
additional leaves would also help capture more light. Therefore, we
had competing hypotheses for leaves versus stems: both N fertil-
ization and N fixation (H2a) increase, (H2b) have no effect on, or
(H2c) decrease allocation to stems relative to leaves. For nodules,
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much past work has shown that N fertilization reduces allocation
to nodules (Dovrat et al., 2018, 2020; Ingestad, 1980; Markham &
Zekveld, 2007; McCulloch & Porder, 2021; Menge et al., 2015; Taylor
& Menge, 2018; Uni et al., 2024), consistent with a facultative or in-
complete downregulation strategy of N fixation (Hedin et al., 2009;
Menge et al., 2009, 2015). However, some species in some condi-
tions fix similar amounts of N with additional N fertilizer (Arnone
11l & Gordon, 1990; Binkley et al., 1994; Menge et al., 2023), consis-
tent with an obligate N fixation strategy (Hedin et al., 2009; Menge
et al., 2009, 2015). Following the bulk of evidence, we hypothesized
(H3) a decrease in allocation to nodules with N fertilization.

2 | METHODS

2.1 | Greenhouses, growing conditions, and species
For our first experiment, in 2016-2017, we grew plants at Barnard
College (New York, NY). For our second experiment, in 2018, we
grew plants at UC Davis (Davis, CA). At Barnard, we used sharp sand
(Gran-i-Grit) as a growing medium, whereas at UC Davis, we used a
mixture of sharp sand and turface (calcine clay). Unless otherwise
stated, the details described below applied to both experiments.

As is common, we studied seedlings rather than later stages of
life history, for two main reasons. First, seedlings are an important
life history stage, as the high mortality of seedlings means that bio-
mass allocation in the seedling stage helps determine persistence
into later stages. Second, seedlings are the only logistically feasible
stage for studying the effects of inoculation. Furthermore, an inves-
tigation of the effects of N and P fertilization and N fixation (but not
inoculation) on biomass allocation in an older life stage (4-5-year-old
trees) of six of these species has been published recently (Carreras
Pereira et al., 2023).

Prior to germination, we surface-sterilized seeds and then
grew plants in 10 x 10cm pots. For inoculation, which was species-
specific, we used a slurry from crushed field-collected nodules (for
all plants grown at Barnard and some at UC Davis), cultured in-
oculum from the crushed nodules (for some plants grown at UC
Davis), both the slurry and the culture (for some at UC Davis), or, in
the case of soybean, a commercial strain (Table S1). For the slurry,
~15-30mL of fresh nodules were surface-sterilized and then
crushed in a glass beaker with a glass rod. DI water was added to
create a slurry of ~100-150 mL total volume. Half of the slurry was
sterilized in an autoclave; half was not. Each plant of a given spe-
cies received the same amount of slurry. The slurry volume given
to each plant was 1 mL for most species, but as low as 0.5mL and
as high as 2mL for some species. The cultured inoculum from the
crushed nodules used the same amount of surface-sterilized fresh
nodules to start the culturing process. The noninoculated treat-
ment received an equivalent volume of sterilized slurry or steril-
ized culture. Based on the success of nodulation (determined by
inspection of roots of extra individuals that were not part of the
main experiment), some species were reinoculated a second or a
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third time. Using established techniques to avoid contamination
(Menge et al., 2015; Wolf et al., 2017), we placed the inoculated
and uninoculated pots in separate trays, covered the surface of
each pot (except where the stem protruded) with aluminum foil,
and watered from below. We did not inoculate any of the plants
with mycorrhizal fungi.

We fertilized plants biweekly at the top of the pots, using pi-
pettes to add N, an N-free Hoaglands solution (Ross, 1974), and ad-
ditional P (sodium phosphate) as required by the experimental design
(see below). All fertilizers were dissolved in water to facilitate their
spreading throughout the rooting zone. The N fertilizer was ammo-
nium nitrate, which was doubly labeled with *>N (Sigma Aldrich) for
measuring N fixation. We added water via pipette at the top of each
pot following each fertilization to even out the small water volume
disparity across treatments.

We used 15 plant species (Table S1). Eight were rhizobial tree
species, six were actinorhizal tree species, and one was the agri-
cultural herb soybean (Table S1). The tree species we used are gen-
erally early successional or disturbance-adapted species that grow
in full or partial sun. Our initial plan was to grow all species from
the first experiment in the second experiment in addition to new
species, but some plants did not germinate or form a symbiosis
or survive, so we present results from eight rhizobial tree species
in Barnard, five rhizobial tree species at UC Davis, six actinorhi-
zal tree species at UC Davis, and soybean at UC Davis. Different
species were grown for different lengths of time, though all were
less than a year (Table S2). Within each species, all plants were
harvested within as short a time window as possible, and the har-
vest order was randomized across treatment. We harvested plants
when they had grown long enough for treatment differences to
appear but not so long that pot-binding or cross-contamination of

the uninoculated plants was likely.

2.2 | Experimental design
Our study used a factorial combination of inoculation and fertiliza-
tion. We inoculated half the plants and left the other half uninocu-
lated. Some (13% across both experiments) uninoculated plants grew
nodules, but we did not include those in our analysis. For the fertili-
zation component of the design, we used a replicated regression de-
sign, distributing our experimental units across a wide gradient with
some replication within each unit, which has benefits of statistical
power as well as applicability to models (Cottingham et al., 2005). For
most species, there were 10 fertilization treatments: nine N fertiliza-
tion levels at a low P fertilization level, along with a high P fertiliza-
tion level at the highest N fertilization level. We had hoped to assess
the role of P limitation in addition to the role of N limitation, but P did
not limit growth in the plants grown at UC Davis (see below). For this
reason, as well as the low sample size in the high P treatments, we
focus less on the data from the P fertilization treatment.

Our goal for the N fertilization levels was to span a wide
range of N limitation for the uninoculated plants, with multiple

treatments that were N limited and multiple treatments that were
not N limited. The goal of having multiple treatments that were
not N limited was to determine whether N fixation shut off com-
pletely when soil N supply was sufficient, so we could test theory
about N fixation strategies (Menge et al., 2009, 2015, 2023). In
the present paper, it was not essential to reach levels of N suf-
ficiency, but we explain this reasoning so the following adjust-
ments in N levels make sense. For the first experiment, in 2016
at Barnard, we used nine N fertilization levels ranging from 0.3
to 30gNm’2year’1 (individual levels of 0.3, 1.5, 3.3, 6.6, 10, 15,
20, 25, 30gNm2year™), with low and high P fertilization levels of
0.34 and 15gP m~2year™. (All area units are pot surface area.) The
first year of the experiment in Barnard, in 2016, suggested that the
highest level of N fertilization did not saturate plant demand for N,
so we increased the highest N addition level. The rest of the exper-
iment in Barnard, in 2017, used a highest level of 75gN m’2year’1
(levels 0.3, 3.3, 6.6, 10, 15, 20, 30, 50, 75gNm 2year™) along with
a lower P level of 0.17ng'2year'1. In the second experiment, at
UC Davis in 2018, we used turface mixed with sand, and, reason-
ing that turface would retain nutrients better, we used a slightly
lower high N level of 60gNm™2year™ (levels 0.3, 0.9, 1.5, 3.3, 6.6,
10, 20, 40, 60gN m’zyear’l). For one species, Morella faya, which
had low germination and initial survival, we only used six levels of
N fertilization (3.3, 6.6, 10, 20, 40, 60gNm2year ™). We started
with three replicates for each treatment, except for Morella faya,
which had two replicates per treatment. Final sample sizes were
smaller for some species due to mortality (4% of all plants after

treatments began) (Table S2).

2.3 | Biomass harvest

We harvested plants and divided them into stems, leaves, roots,
and nodules. Tissues that had previously fallen in pots (mostly
leaves) were included in our biomass estimates, as were leaves pre-
viously harvested for physiological measurements (which are not
shown here). We dried tissues at 65°C and measured dry masses.
The majority of plants we harvested did not appear pot-bound, but
as always with seedlings grown in pots, the artificial nature of the

growing medium and space should be noted.

2.4 | N fixation

We used the '°N-enriched isotope pool dilution technique to
measure the percent of plant N acquired from N fixation (%N ),
following the general approach of Chalk (1985) and Shearer and
Kohl (1986) and the details of Menge et al. (2015) and Taylor and
Menge (2018). Milled tissues were sent to the UC Davis Stable
Isotope Facility to determine [N] and atom % “°N. Atom % *°N of the
uninoculated, non-nodulated plants for each species and treatment,
which were enriched well over background levels (up to 8 atom %),
were used as the isotopic reference values for soil N uptake. Using
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uninoculated plants of the same species as reference plants rather
than using separate nonfixing species overcomes many of the issues
with this approach (explained in more detail in Menge et al., 2015).
Using enriched isotopes rather than relying on natural abundance
levels overcomes many of the remaining issues (Chalk, 1985; Soper
et al., 2021). We mathematically removed the effects of seed N, so
%N, is the % of newly acquired N from fixation as opposed to the

% of total N from fixation.

2.5 | Calculations and statistics

All of our allocation metrics were functions of the dry masses of
the four tissue types we harvested. Aboveground biomass was
calculated as the sum of leaves and stems. Belowground biomass
was calculated as the sum of roots and nodules. Total biomass
was calculated as the sum of aboveground and belowground bio-
mass. Allocation of biomass to belowground versus aboveground
tissues was calculated as belowground biomass divided by total
biomass. Allocation to leaves versus stems was calculated as leaf
biomass divided by aboveground biomass. Allocation to nodules
versus roots was calculated as nodule biomass divided by below-
ground biomass.

To answer our questions, we used the mixed effects model func-
tion Ime (Pinheiro et al., 2022) in R (R Core Team, 2022). Given the
stark differences between plants grown at Barnard versus UC Davis
(plants were substantially smaller and more P limited at Barnard; see
Section 3) and the different environmental conditions at the two
greenhouses (see Section 4), we analyzed data from each green-
house separately. For each response variable at each greenhouse,
we included a random effect of species on the intercept to account
for species-level differences.

For total biomass, our main questions were whether each
symbiotic type in each greenhouse was N limited and P limited.
We were less interested in the relative degrees of limitation or
the relative amounts of total biomass across symbiotic types.
Therefore, rather than including symbiotic type as a term in an
overall model of total biomass, we analyzed the total biomass of
each symbiotic type (rhizobial tree vs. actinorhizal tree vs. rhi-
zobial herb) separately for trees grown at UC Davis, using fixed
effects for N fertilization (treated throughout as a continuous
variable), P fertilization, inoculation, %N, and interactions be-
tween N fertilization and %N N fertilization and inoculation,
P fertilization and %N .,

separate set of analyses, we used the rate of N fixation (N fixed

dfa’
and P fertilization and inoculation. In a

gClyear™) rather than the percent of N derived from N fixation
(%N 4¢,) as the “N fixation” driver variable. The qualitative results
of these analyses with N fixed gC'lyear'1 were similar to the re-
sults from the analyses with %N, (Note S1; Tables S3 and S4).
We included the analyses with %N, in the main text, leaving the
alternate analyses to Data S1, because %N, was the quantity we

measured more directly.
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Whereas we separated symbiotic types for analyses of bio-
mass, we combined the symbiotic types for analyses about allo-
cation and included symbiotic type as a term in the models. The
reason was that one of our questions was how these allocation
patterns differed across symbiotic types. Therefore, including all
symbiotic types in the same model allowed us to compare the
trends directly.

For allocation of total biomass to belowground versus abo-
veground and allocation of aboveground biomass to leaves ver-
sus stems, we used similar model structures to the one for total
biomass, except that we added the natural logarithm of biomass
as a covariate, and as mentioned in the previous paragraph, we
included symbiotic type as a driver (at UC Davis only, given that
there was only one symbiotic type at Barnard). Specifically, for
the models of allocation for the UC Davis experiment, we in-
cluded fixed effects of symbiotic type as well as interactions
between symbiotic type and N fertilization and between sym-
biotic type and P fertilization (at UC Davis). We used biomass
as a covariate because larger plants can have different biomass
allocation than smaller plants independent of nutrient effects
(McCarthy & Enquist, 2007; Poorter et al., 2012), and we wanted
to control for these indirect effects. For instance, if N fertiliza-
tion makes plants bigger, it might cause them to invest relatively
more biomass in stems compared to leaves simply because they
are bigger (and bigger plants need more mechanical support to
counter gravity), whereas we wanted to isolate the effect of N
fertilization for a given size.

For allocation of belowground biomass to nodules versus roots,
we only used inoculated plants, so we did not include fixed effects
for inoculation. The fixed main effects we used for allocation to
nodules versus roots were N fertilization, P fertilization, symbiotic
type (for the experiment in UC Davis), and the natural logarithm of
biomass. We also used fixed interactions between N fertilization
and symbiotic type for the experiment in UC Davis. Nodule biomass
drives N fixation, so it did not make sense to include %N . as a driver
of nodule biomass.

3 | RESULTS

Unless otherwise specified, results come from our statistical mod-
els (Equations 1-10). These are presented as an average plant's
expected response to a driver variable in a scenario. For example,
toillustrate the effect of N fixation on allocation, we plug in values
for the other variables corresponding to a scenario, then compare
the results from multiple values of N fixation. “The average in-
oculated plant at low N” means that we plug in a value of 1 for
I (“inoculated”) and the lowest value of N fertilization for N. We
then compare the model output for two separate values for %N,
such as 0% and 100%. These are not averages from inoculated
plants with exactly 0% N, and exactly 100% N .; they are the
results for hypothetical average inoculated plants when we plug
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in 0% and 100% for %N,, as informed by all the data that were
used to fit the model.

3.1 | Total biomass
We set up our experiments in the hope that plants would be N lim-
ited at the low N fertilization levels, so we expected to find N limita-
tion. Encouragingly, we did.

For the species grown at Barnard, all of which were rhizobial
trees, the fixed effects from the mixed model were

Barnard rhizobial tree total biomass (mg)

=1247+28.9 *N—294*I+20.3*%Ndfa (1)

+209%P+5.95%N %I +0.497 %N * %Ny,
+46.4%Px1+0.282% P % %Ny,

where N is N supplied as fertilizer (gNm'Zyear'l), | is inoculated (1 if
inoculated, O if uninoculated), %Ndfa is the fraction of the plant's N from
fixation (%), and P is P supplied as fertilizer (g P m2year™). Coefficients
aside from the intercept that are significantly different from zero
(p<.05) are shown in bold along with their respective variables. p val-
ues corresponding to each of the coefficients in Equations (1-10) are
shown in Table 1.

N fertilization made rhizobial tree seedlings at Barnard larger—
every additional gN m’Zyear'1 led to 28.9mg more biomass for
uninoculated seedlings and 34.9mg more biomass for inoculated
seedlings (p<.0001 for both), indicating that they were N limited
(blue line in Figure 1a). Given this evidence for N limitation, it is not
surprising that N fixation also made seedlings larger: at low soil N
supply, each percentage point of N, led to 20.3mg more biomass
(p=.0007) (compare the three red lines in Figure 1a). (Note that the
lines in Figures 1-4 and Figures S1-S8 were calculated in the same
way as described at the beginning of the Section 3.) N fixation and
N fertilizer did not interact (p=.2562 for the interaction coefficient
0.497), meaning that N fixation led to similar increases in biomass
regardless of the level of N fertilization, and conversely, N fertiliza-
tion led to similar increases in biomass regardless of the amount of
N fixation (compare red and blue lines in Figure 1a). Figures S1-S8
show the data for each Barnard species individually.

P fertilization, which only occurred at the highest N level, made
rhizobial tree seedlings at Barnard grow larger. Each additional g P
m2year? led to 209 and 256 mg more biomass for uninoculated
and inoculated seedlings, respectively (p<.0001 for both), indi-
cating that growth was limited by P when enough N was supplied
(Figure 1a). P fertilization did not interact with inoculation (p=.3675
for the coefficient 46.4) or N fixation (p=.8908 for the coefficient
0.282), meaning that N-fixing plants were not more or less P limited
than uninoculated or nonfixing plants.

Aside from its indirect effect through N fixation, inoculation did
not affect biomass for the rhizobial plants grown at Barnard. Neither
the main effect of inoculation nor its interactive effects with other

drivers were significantly different from zero (Table 1; see also blue
vs. red dotted line in Figure 1a, which shows the average biomasses
of uninoculated plants vs. inoculated plants that are not fixing N, as
given by our statistical model).

For the plants grown at UC Davis, the fixed effects from the
mixed model were

UC Davis rhizobial tree seedling total biomass (mg)
=254+222% N —1009 # I +76.6 % %N g
~74.9%P+23.9%N #1+2.95%N % %N 47,
+9.10% P+1—0.241 % P * %Ny,

UC Davis actinorhizal tree seedling total biomass (mg)
= —19.1+564 N — 6408 I + 244+ %N 4,
+83.7%P =207 %N +1+6.04 N % %N g,
—650% P x1+8.78% P %Ny,

UC Davis soybean total biomass (mg)
=703+21.1%N+129 1 +8.63 %N 4,
+4.43%P+2.33%N %1 +0.295% N * %Ny,
+16.4%PxI—4.40 x P« %Ny,

As we observed at Barnard, N fertilization stimulated growth
at UC Davis, as all symbiotic types at UC Davis were N limited
(p<.0003 for uninoculated and inoculated seedlings of all symbiotic
types). The magnitude at UC Davis was also much larger for the tree
species types compared to Barnard. Each gN m2year™ fertilizer led
to 222 and 564 mg biomass for every gNm 2year™ added to uninoc-
ulated rhizobial (Figure 2a) and actinorhizal (Figure 3a) trees, respec-
tively. Similarly, N fixation stimulated growth at low soil N supply
more so for the tree seedlings at UC Davis than at Barnard: each
additional % of fixation led to 76.6 and 244 additional mg of bio-
mass at low soil N supply for the rhizobial and actinorhizal trees at
UC Davis (p<.0001) (compare red line intercepts in Figures 2a and
3a). Unlike what we observed in the Barnard plants, N fixation and
N fertilization interacted in the UC Davis tree seedlings (p<.0001
and p=.0005 for rhizobial and actinorhizal seedlings, respectively).
Somewhat surprisingly, given that soil N and N fixation provide the
same resource, the interaction was synergistic: an inoculated tree
seedling with 100% N, grew an additional 294 (rhizobial) or 604
(actinorhizal) mg with each gNm™2year? of N fertilizer compared
to an inoculated but nonfixing (0% N ) seedling (compare slopes of
dashed vs. dotted red lines in Figures 2a and 3a). This synergy could
stem from the exponential nature of seedling growth: an initial edge
from fertilization could be compounded to a much greater biomass
advantage even if the large majority of N comes from fixation. (We
note again that the “100% N " case is the edge case of a statistical
extrapolation from plants that fixed less than 100% of their N.).

Similar to the tree species, soybean plants at UC Davis grew
larger with additional N (Figure 4a). Soybean plants were smaller



7 of 16

'S3|gelJeA 9533 JO SJled SWOS USIMID] SUOIJIBIDIUI PUE (SSewolq Jo wyiiieso| ednieu ayy) (g)u (2.3 |e1qoziys
03 pasoddo se UeagAos) § ‘(23.3 [elqoziyl 0} pasoddo se 933 [eZIYJOUIIE) v ‘(1921113434 Se paljddns d) 4 ‘(Uonrexiy wody N s3ueld ay3 Jo uordely ayy) PN ‘(Uorenooul) | {(4az1113Ja4 se paddns N) N s3|qelea
JOALIP 0} PUOdSaII0D SAWEU JUBIDIHD0D Y] "T° PUE GO' USDIMII] e ASU] USYM SDI[eYI U] PUE GO™> 3J€ AU} UBYM P|Oq Ul UMOYS dJE SaN|eA d "9AI1eSaU S| 109443 9} USYM dAI3ESDU SB UMOYS dJe sanjeA d,

Ecology and Evolution
& e~ WILEY

MENGE ET AL.

(punou3molaq
JO %) ssewolq

9LCY 9900’ CL98° 6581~ 868G" T000°>~ s|npou sined dN

(punoJ8molaq Jo %)

1000™> 9610 TO00>- Ssewolq s|npou pieuleg

(punoJdanoge Jo %)

6CLL L9LT 1000"> 818¢"  #¢00°- 0ceT - T000°>- 110"~ 2L00- T000> 9CTL 659¢€° ssewoolq Jeljo4 sine@ ON
(punoJdanoqe Jo %)

LL26-  TEBG- L8EY 9¥Se” 1000>- 6GEY’ 1000™> 60€0°- 70¢¢C’ Ssewolq Jel|o4 pieuseg
(18303 Jo %) ssewolq

TL9L- 8.9~ SL9L €06¥"  80SY’ 9420’ £000’ 0coT'- 00T T000°>~ £L0SC'- 1000">~ punoJSmolaq sired dN
(18303 J0 %) ssewoiq

€965 ¥08E'- G686 9CeT’ €1€9” 61T€0°- 7000~ 162~ T000>~ punoidmolaq p.euleq
(8w) ssewolq

G€90- C6EY 899T° S0LS” 90¢L €000’ 129 T000> |e303 ueagAos sined ON
(8w ssewolq |30} 9343

689¢  G60€'- S000° L¥90'- 0SSz’ T000> 1220~ T000> [eziyiounoe sineg oN
(8w ssewolq |e30}

6CV6- 9CL6- T000™> 9Ly~ 9G15™- T000™> 9081~ T000"> 93l} |elqoziyJ sined DN
(8w) ssewolq |e30}

8068’ VA% A% T4 28€es’ T000> £000° 7Cse- T000> 9313 |elqoziyJ pleuleg
,%zxun Xdg SXNg VXNg &vzxzn IXNg @:_n Sg dg .%zn Ig Ng 3|qeLieA asuodsay

'1X3] s3nsaJ ayy ul (0T-T) suollenb3 ul UMOYS S|SpOoW |BD1}S13e)S J0) SJUSIDISJD0D 103)J3 Paxly JO (sanjea Qv wucmu_tcw_m T 319vL



8of 16 WI ]_EY—ECOIOgy and Evolution

X
o
S a
g | @
)
N
=)
3
S [}
AN
(=]
E 8 %
S
3 w - -
F
c #
S 8
o S
o
=
o
S |
S
s}
o 4
o
s
=
m
2]
@
£
S o |
5 ©
°
c
3
9]
)
T 8-
>
5]
8
©
“
° o
& ¥
1]
%]
@©
E o |
L &
5
=
©
5]
—
o 4

20 40 60 80

N fertilization (g N m year)

Belowground biomass (% of total biomass)

Nodule biomass (% of belowground biomass)

MENGE ET AL.
8 — = Uninoculated
- (b) = = Inoculated, not fixing
= Inoculated, mean fixation (23.5%)
= = Inoculated, max fixation (100%)
o _|
=]
o
©
o
<
o
N
o -
N fertilization (g N m year)
3 (d) O Acacia farnesiana
A Acacia koa
+ Albizia julibrissin
X Enterolobium cyclocarpum
g — & Gliricidia sepium
V Leucaena leucocephala
® Robinia pseudoacacia
% Sophora chrysophyiia
o = P ysophy!
el AN
A ®
o
N
&
L)
"] g
=4
BA
o o -
T T T T T
0 20 40 60 80

N fertilization (g N m™2 year')

FIGURE 1 Biomass and biomass allocation across an N fertilization gradient for plants grown at Barnard. (a) Total biomass, (b) the fraction
of biomass allocated belowground, (c) the fraction of aboveground biomass allocated to leaves, and (d) the fraction of belowground biomass
allocated to nodules, each as a function of N fertilization. High P fertilization points, which have the same N fertilization level as the highest
N fertilization points to the left of the gray line, are shown to the right of the gray line. Allocation to nodules is only shown for inoculated
plants, as any uninoculated plants that grew nodules were excluded from the analysis. Legends shown in (b) and (d) apply to all panels. As the
legend shows, different species are shown as different symbols. Blue symbols are uninoculated; red symbols are inoculated. Each symbol

is one individual plant. Lines are the fixed effects from the mixed effects model, evaluated at the average plant biomass for each group
(uninoculated vs. inoculated, low vs. high P). For uninoculated fits, both “I” and “%N,;,” are set to 0. For inoculated fits, “/” is set to 1, and
three fits are shown, corresponding to three values of N fixation: 0 %N, the mean %N, within each greenhouse, and 100% N ;.. Blue and
red colors on lines correspond to the points. The fit in (d) is shown in black instead of red to make it easier to see.

than tree seedlings, in part because they had less time to grow,
so they grew less with each additional gNm™year™ fertilizer
(21.1 mg for uninoculated plants) and each % of N from fixation
(8.63 mg for uninoculated plants) than the tree seedlings, but the
effects were similarly significant (p<.0001, p=.0003, respec-
tively; Table 1). Unlike the tree seedlings at UC Davis, there was
no interaction between N fertilization and %N, for soybean
(p=.1668).

P fertilization had no effect on biomass at UC Davis for any sym-
biotic type (Figures 2-4a). Although it was not significant, the interac-
tion of P with N fixation makes the high P fit for soybean (Figure 4a)
appear too low. The reason is that it is plotted for the average %N i, of

all inoculated soybean plants, whereas the highest N, high P soybean
plants had low %N .. In addition to its effects through N fixation, in-
oculation had a countering effect on the intercept for actinorhizal trees
(p=.0221), but not for rhizobial trees or soybean (Table 1). Aside from
its effects through N fixation, inoculation did not modify the effects of
N fertilization or P fertilization (Table 1).

Given that plants were N limited in both experiments, and that
both N fertilization and N fixation stimulated growth, both experi-
ments were well suited to addressing our questions about allocation
with regard to N supply via fertilization and N fixation. With regard
to P supply, though, the plants grown at Barnard were P limited, but
the plants grown at UC Davis were not.
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3.2 | Allocation of biomass to belowground versus Barnard belowground biomass (%of total)

aboveground tissues

Allocation to belowground versus aboveground tissues var-
ied widely across species and treatments, ranging from ~10%
to ~80% belowground for individual plants (Figures 1-4b and
Figures S1-S8). Species differences accounted for some of this
variation (Figures 1-4b and Figures S1-S8, Table 2). In Barnard,
the random effect intercepts (species-level % belowground for
uninoculated plants at low soil N supply, low soil P supply, and
low biomass) ranged from 29% belowground for Acacia koa to 66%
belowground for Leucaena leucocephala (Table 2). In UC Davis, the
range was similar, from 27% for Morella faya to 56% for Alnus rubra
(Table 2). Across all species and treatments, the means of all indi-
vidual plants were 39% belowground at Barnard and 36% below-
ground at UC Davis.

Given that plants in both greenhouses were N limited, we hy-
pothesized (H1a) that N fertilization and N fixation would induce
plants to allocate relatively less biomass belowground, which would
appear as negative coefficients for the “N” and “%N " terms in the
mixed models for belowground biomass as a % of total biomass. The

fixed effects from the mixed model were

=44.8-0.154 N —1.61 %1 —0.10d % %N 4,

—0.345 P +0.258 * In(Biomass) + 0.0702 % N s I (5)
+0.00003 # N * %Ny, —0.218

# P I +0.00591 % P * %Ny,

UC Davis plant belowground biomass (%of total)
=38.1-0.273 %N —1.70 %1 —0.203 % %N 4,
+0.261 % P +1.42 + In(Biomass) —18.8 « S
—3.20%A+0.116 = N I +0.00059 * N = %Ndfa
+0.0189% N %S+0.0267+«N x*A—0.115% P =]
—0.00118 P %Ndfa —0.136%*P+S+0.0677%xP*xA

where S indicates soybean (1 if soybean, O if not) and A indicates ac-
tinorhizal tree (1 if actinorhizal tree, O if not). As we had hypothesized
(H1a), plants in both locations allocated less biomass belowground
when they had more N, either from fertilization or from N fixation. At
Barnard, the average uninoculated plant allocated 46% belowground

at our lowest N fertilization level, compared to 35% at the highest N
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level (Figure 1b, blue line). The effect of N fixation was similar to the
effect of N fertilization. As explained at the beginning of the Section 3,
we illustrate this by comparing the hypothetical cases of %N, =0
versus 100% in Equation (5). The average inoculated plant at low N
at Barnard allocated 45% belowground at 0% N, compared to 35%
belowground at 100% N ., (compare red lines in Figure 1b). N fixation
did not interact with soil N supply for the Barnard plants, so at high N,
the average inoculated rhizobial plant allocated 39% belowground if
it was not fixing, compared to 29% belowground at 100% N, (com-
pare red lines in Figure 1b). Our hypothesis about a negligible effect
of inoculation aside from its effect on N fixation (H1b) was supported
for the Barnard plants: neither the main effect of inoculation nor its
interaction effects were significant.

Just like the N effects on biomass, the N effects on aboveground
versus belowground biomass allocation were similar in direction but
more drastic in magnitude at UC Davis compared to Barnard. At UC
Davis, the average uninoculated rhizobial tree seedling allocated
49% (46% for actinorhizals) belowground at the lowest N level and
32% (31% for actinorhizals) at the highest N level (Figures 2b and 3b).
Fixation had at least as large an effect as N fertilization. An average
inoculated rhizobial tree seedling at low N allocated 49% (46% for
actinorhizals) belowground if it was fixing 0% of its N compared to
28% (26% for actinorhizals) if it was fixing 100% of its N (compare

left side of red lines, Figures 2b and 3b). At the highest N level, an
average inoculated rhizobial tree seedling allocated 39% (38% for
actinorhizals) belowground if it was fixing 0% of its N, whereas it
allocated 23% (21%) belowground when it was fixing 100% of its N
(compare right side of red lines, Figures 2b and 3b). Furthermore, N
fixation levels were higher at UC Davis: an average of 69 %N, for
rhizobial tree seedlings at UC Davis compared to 24% at Barnard
(and 59% for actinorhizal tree seedlings at UC Davis). Therefore, the
large effects at UC Davis were even stronger than they appear in
the coefficients: the effects on belowground allocation were at least
as large per unit %N, but their realized effects were even larger
because the plants were fixing more N. Unlike in the plants grown
at Barnard, there was a significant interaction term between inocu-
lation and N supply for the plants grown at UC Davis, indicating that
inoculation had an effect apart from N fixation itself (Equation 6).
Whereas an average uninoculated plant and an average inoculated
but non-fixing (0% N ) plant had similar allocation to belowground
tissues at low N supply, their allocation belowground diverged at
higher N supply (compare the blue vs. dotted red lines in Figures 2b
and 3b). Therefore, H1b had only partial support from the plants
grown at UC Davis.

Though not significant, soybean tended to allocate less biomass
belowground than rhizobial tree seedlings. The effects of N on
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TABLE 2 Random intercepts for statistical models.
Barnard UC Davis
Belowground Foliar (% of Nodule (% of Belowground Foliar (% of Nodule (% of
Species® (% of total) aboveground) belowground) (% of total) aboveground) belowground)
Acacia farnesianaR 44.1 63.7 -8.52 37.7 57.8 13.4
Acacia koa® 29.4 83.3 -1.67 34.2 69.7 26.3
Albizia julibrissin® 60.4 83.8 -6.61
Alnus acuminata® 46.8 70.1 10.9
Alnus rubra® 55.8 59.2 22.3
Casuarina equisetifolia™ 41.7 76.4 25.3
Elaeagnus angustifolia® 279 49.6 19.5
Enterolobium cyclocarpum® 38.9 58.5 -9.40 34.5 70.7 224
Gliricidia sepium® 39.4 674 -5.97 43.0 69.6 16.2
Glycine max (soybean)H 38.1 68.3 20.2
Leucaena leucocephala® 66.0 76.5 -9.00
Morella cerifera® 29.9 77.0 19.8
Morella fayaA 26.5 77.6 23.3
Robinia pseudoacacia® 39.9 79.6 -4.49 41.0 73.8 22.6
Sophora chrysophylla® 40.0 84.5 -6.28

Note: Five species were grown in both greenhouses, whereas 10 were only grown in one (Barnard or UC Davis).
aSuperscript codes: R is rhizobial tree, A is actinorhizal tree, H is rhizobial herb.
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allocation were similar in soybean and the other plants, though. At
UC Davis, the average uninoculated soybean seedling allocated 29%
belowground at the lowest N level and 14% at the highest N level
(Figure 4b). Fixation had at least as large an effect as N fertilization.
The average inoculated soybean seedling at low N allocated 28%
belowground if it was fixing 0% of its N, compared to 8% if it was
fixing 100% of its N (compare left side of dashed vs. dotted red lines,
Figure 4b). At the highest N level, the average inoculated soybean
seedling allocated 20% belowground if it was not fixing, whereas it
allocated 3% belowground when it was fixing 100% of its N (com-
pare right side of dashed vs. dotted red lines, Figure 4b).

3.3 | Allocation of aboveground biomass to leaves
versus stems

The fraction of aboveground biomass allocated to leaves ranged
widely, from ~10% to ~90% for individual plants (Figures 1-4c). As
was the case with allocation to belowground biomass, there was
substantial variation across species. At Barnard, the random effect
intercepts ranged from 59% leaves for Enterolobium to 85% leaves
for Sophora (Table 2). At UC Davis, the random effects intercepts
ranged from 50% leaves (Elaeagnus) to 78% leaves (Morella faya)
(Table 2). Across all species and treatments, the average allocation
to aboveground tissue was 59%.

We did not have a clear hypothesis for how N fertilization and
N fixation would affect allocation to stems versus leaves, as H2a, b,
and ¢ were mutually exclusive alternatives. Accordingly, the results
were nuanced. The fixed effects from the mixed models were

Barnard foliar biomass (%of aboveground)
=74.7+0.0411% N —3.38+1 +0.153 % %N 45,
+0.128 % P—2.64  In(Biomass) +0.0442 % N * 7)
+0.00170 N 3 %Ny, —0.140 % P s
~0.00093 % P %Ny,

UC Davis foliar biomass (%of aboveground)
=68.3+0.0497 % N +0.703 %I +0.183 % %N 4¢,
—0.552 % P —2.25 % In(Biomass)—9.45x S
+11.2%A—0.0813 %N 51 —0.00309 N * %N 4, 8)
+0.516 %N % S+0.0438 * N x A+0.386 % P+ ]
+0.00148 * P %Ny, +0.0766 % P+ S+0.173 % P+ A

As expected, larger plants invested relatively more in stems as
opposed to leaves (p <.0001 for both locations for the effect of the
natural log of biomass; Table 1). As we mentioned in the biomass
section, N fertilization and N fixation both made plants bigger, so
there was an indirect effect whereby N supply (via fertilization and
fixation) caused plants to invest relatively more in stems because it
made them bigger. However, this indirect effect was countered by a

direct effect: for a given size, N fixation (p <.0001 for both Barnard
and UC Davis) stimulated plants to invest more in leaves. N fertiliza-
tion had a similar effect in soybean at UC Davis. These combined ef-
fects are visible (Figures 1-4c). The fit for uninoculated plants (blue
line) in Figure 3c, for instance, rises more than seems warranted by
the points. This occurs because the fit is plotted for an average-sized
actinorhizal seedling, whereas in reality, the plants at low N fertil-
ization were small (and thus had higher investment in leaves than
indicated by the fit) and the plants at high N fertilization were large
(and thus had lower investment in leaves than indicated by the fit). In
UC Davis, N fertilization had the opposite effect at low versus high
N fixation: it caused more investment in leaves at low N fertilization
but had no effect at high fertilization (Figures 2-4c). Overall, there
was mixed support for H2a (an increase in allocation to leaves vs.

stems with more N) versus H2b (no change) versus H2c (decrease).

3.4 | Allocation of belowground biomass
to nodules versus roots

Investment in nodules also ranged widely across plants, from 0% to
nearly 40% of belowground biomass (Figures 1-4d). Species varied
widely; across species, the average allocation to nodules in inocu-
lated plants was 4.1% in Barnard, compared to 13.6% in UC Dauvis.
We had hypothesized that N fertilization would reduce invest-
ment in nodules (H3). As the fixed effects equations show, our data

supported H3:

Barnard nodule biomass (%of belowground)
= —6.49—0.120 + N +1.68 + In(Biomass) ©)
+0.189 « P

UC Davis nodule biomass (%of belowground)
=20.2—0.243 % N +0.0562 * In(Biomass)
+0.0785%P—8.72%S—5.96 % A+0.0571xN S (10)
+0.119xN xA

For the plants grown at Barnard, an average-sized individual
at our low P level allocated about 5% of its belowground biomass
to nodules at the lowest N level, which dropped to 0% by the high
levels of N fertilization (Figure 1d). Larger plants allocated propor-
tionately more belowground biomass to nodules. Fertilization with P
stimulated allocation to nodules (Table 1, Figure 1d).

At UC Davis, an average-sized rhizobial tree seedling at our low P
and lowest N levels allocated approximately 21% of its belowground
biomass to nodules (Figure 2d), compared to approximately 15% for
actinorhizal tree seedlings (Figure 3d) and 12% for soybean plants
(Figure 4d). At our highest N levels, allocation to nodules dropped
to 6% of belowground biomass for rhizobials (Figure 2d), 7% for ac-
tinorhizal trees (Figure 3d), and <1% for soybean (Figure 4d). Unlike
at Barnard, larger plants grown at UC Davis did not allocate more to
nodules, and there was no effect of P fertilization (Table 1).
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4 | DISCUSSION

Despite wide variation in allocation of biomass to different organs
across our species, and despite variable growing conditions in the
two experiments, we found a number of consistent patterns. As
we had hypothesized (H1a), and as many others had found with
non-fixing species (Brenchley, 1916; Chapin IIl, 1980; Ingestad
& Agren, 1991; McCarthy & Enquist, 2007; Poorter et al., 2012;
Poorter & Nagel, 2000), fertilizing uninoculated seedlings with N
led to relatively less allocation of biomass to belowground tissues.
The rest of our hypothesis H1 was also correct: N fixation also led
to relatively less allocation of biomass belowground, with a similar
overall effect size as N fertilization (as observed by Ingestad, 1980;
Sellstedt, 1986; Sellstedt & Huss-Danell, 1986), and inoculation
had negligible effects aside from allowing N fixation. We had mul-
tiple competing hypotheses for allocation of aboveground biomass
to leaves versus stems (H2a, b, and c). Accordingly, our results for
leaves versus stems were variable. The clearest trend was that N
fixation led to more allocation to leaves at low soil N supply, but
the more nuanced results differed across our two experiments. As
we had hypothesized (H3), and as many (e.g., Dovrat et al., 2018,
2020; Ingestad, 1980; Markham & Zekveld, 2007; McCulloch &
Porder, 2021; Menge et al., 2015; Taylor & Menge, 2018) but not all
(Arnone Il & Gordon, 1990; Binkley et al., 1994) other studies had
observed, fertilization decreased allocation to root nodules.

One major advantage of our work compared to past work
studying the effects of N fixation on biomass allocation is our
ability to compare across different groups of N-fixing species.
Our study examined 15 species overall, including 12 species from
three different plant types (rhizobial trees, actinorhizal trees, and
a rhizobial herb) in the second experiment. Except for a few nu-
ances, rhizobial and actinorhizal trees had similar average patterns
of biomass allocation, though there was substantial variability
within each group. Therefore, the differences observed in the ac-
tinorhizal tree Alnus (Arnone Ill & Gordon, 1990; Ingestad, 1980;
Markham & Zekveld, 2007; Sellstedt, 1986; Sellstedt & Huss-
Danell, 1986) versus three Mediterranean shrubs (Dovrat
et al., 2020) versus the tropical rhizobial tree Pentaclethra mac-
roloba (Taylor & Menge, 2021) seem not to hold generally across
their plant types. We speculate that their common ecological role
as woody N-fixing plants helps explain their similar average pat-
terns of allocation, and we also note that within-family variation
was high, as is common for many traits (Anderegg et al., 2018).
Soybean was different than the tree species: it allocated propor-
tionately more aboveground and less to nodules, and it consis-
tently allocated more to leaves rather than stems with increasing
N fertilization. The fact that herbs and trees have different allo-
cation patterns is not that surprising, particularly with respect to
leaves versus stems. However, there are additional reasons be-
yond being an herb that soybean might differ. As an agricultural
species, soybean has been selected for fruit production in typi-
cally nutrient-rich (fertilized) habitats, which likely means it has
been selected for more allocation aboveground.
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We designed our study to tease apart the roles of inocula-
tion versus N fixation, given past findings that the symbiotic
association with bacteria can have effects beyond supplying N.
For example, Wolf et al. (2017) found that inoculation with sym-
biotic bacteria led to higher concentrations of N in plant tissues
beyond what could be explained by the amount of N they fixed,
and Dovrat et al. (2020) found that inoculating N-sufficient plants
caused them to allocate relatively less biomass belowground.
The mechanisms underlying such effects are unclear, though it is
known that the symbiotic interaction involves a series of chemi-
cal signals, both during the onset of the symbiotic interaction and
once the bacteria are inside the plant (Franche et al., 2009; Garg
& Manchanda, 2009). This signaling has myriad effects on plant
cellular function and gene expression (Franche et al., 2009; Garg
& Manchanda, 2009), so it seems plausible that it could affect
biomass allocation. However, in the present study, unlike these
other studies, the effects of inoculation acted primarily through N
fixation. With some nuances, allocation was similar for inoculated
but nonfixing versus uninoculated plants, after correcting for size
(compare dotted red and solid blue lines in Figures 1-4b,c). As
we explained at the beginning of the Section 3, these conclusions
come from statistical fits across the full range of N fixation rather
than from isolated inoculated but nonfixing individuals. Our con-
clusion from this finding is that any effects of inoculation be-
yond N fixation, such as those observed by Wolf et al. (2017) and
Dovrat et al. (2020), are inconsistent across species, conditions,
or response variables.

In both experiments and across all symbiotic types, plants that
fixed more N allocated substantially less belowground (compare
the three red lines in Figures 1-4b). Despite this similar overall
trend, we found some stark differences in allocation between the
plants in our two experiments, largely due to differences in the
amount of N fixed. In the Barnard greenhouse, where the average
plant fixed only 24% of its N, allocation belowground was nearly
identical for the average inoculated versus the average uninoc-
ulated plant (compare solid red and blue lines in Figure 1b). By
contrast, in the UC Davis greenhouse, where the average tree
seedling fixed more of its N (69% for rhizobial trees, 59% for ac-
tinorhizal trees), the average inoculated plant allocated much less
biomass belowground than the average uninoculated plant, even
after correcting for plant size (compare red and blue points and
lines in Figures 2 and 3b). Soybean, which we only grew in UC
Davis, was more similar to the rhizobial trees in Barnard, with an
average of 29% N .. and similar allocation patterns for the aver-
age inoculated versus uninoculated plants. We suspect that the
differences in N fixation in the two greenhouses stem from dif-
ferent resource availability. Some of the important environmental
conditions that determine rates of N fixation are the availability
of resources such as light (Myster, 2006; Schmidt et al., 2023;
Taylor & Menge, 2018) or phosphorus (Batterman et al., 2013;
Crews, 1993; Zheng et al., 2019), both of which likely differed
between the experiments. Phosphorus limited plant growth at
the highest N level in Barnard (Figure 1a) but not in UC Davis
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(Figures 2-4a), and we suspect that light availability was higher
at UC Davis as well due to its geographical location as well as
the fewer number of light-blocking buildings nearby. Greater lim-
itation by phosphorus and light would be consistent with lower
allocation to nodules across the range of soil N supply in Barnard
(Figure 1d compared to Figures 2-4d).

A key implication of our work is that knowing whether a species is
capable of N fixation is not sufficient to determine its biomass alloca-
tion; N fixation activity is much more important. This is unfortunate.
There are increasingly comprehensive lists of which taxa are capa-
ble of forming symbioses (Afkhami et al., 2018; Huss-Danell, 1997,
Sprent, 2009; Werner et al., 2014), whereas it is far harder to de-
termine N fixation activity (Soper et al., 2021). Our evolving under-
standing suggests that, although there are differences in N fixation
rates across different taxa (Wurzburger & Hedin, 2016), there
are also differences across environmental conditions (Batterman
etal., 2013; Crews, 1993; Menge et al., 2015; Myster, 2006; Schmidt
et al., 2023; Taylor & Menge, 2018; Zheng et al., 2019), suggesting
that identical plants in different conditions might fix N, and thus allo-
cate biomass, differently. In addition to our Barnard versus UC Davis
comparison, we also saw this trend within each experiment: much
of the variation in biomass allocation within a species and treatment
corresponded to variation in N fixation activity.

Our results have potential implications for competition and
for carbon storage at community and ecosystem scales. Fifteen
species grown under a variety of conditions suggested that N
fixation leads to relatively less allocation belowground, and in N-
poor conditions, relatively more allocation to leaves than stems.
At the community level, these results indicate that N fixation,
analogous to high soil N supply (Dybzinski et al., 2011), intensi-
fies aboveground competition for light. At the ecosystem scale,
these patterns suggest that N fixation leads to more allocation
to tissues with shorter lifespans and faster decomposition. This
is consistent with the well-known effects of N fixation (or being
an N fixer) on tissue N content (Adams et al., 2016; Bytnerowicz
et al., 2023; Fyllas et al., 2009; Wolf et al., 2017), which can also
enhance decomposition rates, particularly for low lignin litter
(Cusack et al.,, 2009; Melillo et al., 1982; Perakis et al., 2012).
However, there are a number of caveats for these extrapolations.
The present study focused on seedlings grown in pots, whereas
much light competition and carbon storage are driven by mature
trees in the field (Pan et al., 2011), which might have different allo-
cation. Although we selected 15 species from both major N-fixing
symbiotic types (rhizobial and actinorhizal) and across multiple bi-
omes, these species are still a small fraction of the N-fixing species
in the world (Afkhami et al., 2018; Werner et al., 2014). Finally,
although we focused mostly on the average trends in our data, it is
also noteworthy that the variation around the trends was substan-

tial, indicating that many other factors affect biomass allocation.
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