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Abstract Seedling recruitment is a critical driver of
population dynamics and community assembly, yet we
know little about functional traits that define different
recruitment strategies. For the first time, we examined
whether trait relatedness across germination and seedling
stages allows the identification of general recruitment
strategies which share core functional attributes and also
correspond to recruitment outcomes in applied settings.
We measured six seed and eight seedling traits (lab- and
field-collected, respectively) for 47 varieties of dryland
grasses and used principal component analysis (PCA)
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Highlighted student research statement Utilizing germination,
belowground and leaf traits of 47 grasses, we show that trait
variation during recruitment is multidimensional in its influences
on seed and seedling function. Furthermore, we detected an
unexpectedly high degree of intraspecific variation in the nature
of trait interactions. However, weak links to recruitment highlight
a key knowledge gap in trait-based ecology. This study provides
a framework for further explorations of trait interactions and
influence during critical life history phases of seed germination
and seedling recruitment.

Electronic supplementary material The online version of this
article (doi:10.1007/s00442-015-3430-3) contains supplementary
material, which is available to authorized users.

P4 Julie E. Larson
jlarson@chapman.edu

Environmental Sciences Graduate Program, Oregon State
University, Corvallis, OR 97330, USA

United States Department of Agriculture-Agricultural
Research Service, Burns, OR 97720, USA

United States Department of Agriculture-Agricultural
Research Service, Boise, ID 83712, USA

and cluster analysis to identify major dimensions of trait
variation and to isolate trait-based recruitment groups,
respectively. PCA highlighted some links between seed
and seedling traits, suggesting that relative growth rate
and root elongation rate are simultaneously but indepen-
dently associated with seed mass and initial root mass
(first axis), and with leaf dry matter content, specific leaf
area, coleoptile tissue density and germination rate (sec-
ond axis). Third and fourth axes captured separate trade-
offs between hydrothermal time and base water potential
for germination, and between specific root length and
root mass ratio, respectively. Cluster analysis separated
six recruitment types along dimensions of germination
and growth rates, but classifications did not correspond to
patterns of germination, emergence or recruitment in the
field under either of two watering treatments. Thus, while
we have begun to identify major threads of functional var-
iation across seed and seedling stages, our understanding
of how this variation influences demographic processes—
particularly germination and emergence—remains a key
gap in functional ecology.
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Introduction

Functional traits are used to describe ecological variation
among plant species and provide a mechanistic understanding
of species distributions, community assembly, and how these
influence ecosystem function and services (Bello et al. 2010;
Garnier and Navas 2012; McGill et al. 2006; Westoby and
Wright 2006). This line of work has been instrumental in iden-
tifying trait tradeoffs that limit independent trait variation and
uncovering potential ecological strategies favored under differ-
ent environmental conditions (e.g., Bernard-Verdier et al. 2012;
Cornwell and Ackerly 2009; Wright and Westoby 1999). While
there has been sustained headway in describing key dimen-
sions of trait variation in plants, efforts to integrate this under-
standing in a manner that facilitates practical advances in eco-
system conservation and restoration have been slow to develop
but represent one of the most critical areas of plant functional
trait research (Funk et al. 2008; Laughlin 2014).

One key gap limiting application of trait-based frame-
works is our lack of understanding of traits driving vari-
ation in recruitment outcomes (Garnier and Navas 2012).
The vast majority of our current understanding of func-
tional trait spectra and strategies is centered around plant
tissue economics and the influence of these traits on
resource capture, conservation and growth (e.g., Lambers
and Poorter 1992; Reich 2014). Along a tissue economics
spectrum, species constructing thinner or less dense leaves
or roots create more absorptive surface area per unit of bio-
mass, resulting in more rapid return on tissue investments
and higher relative growth rates (RGRs) (Reich 2014; Ship-
ley 2006). At the opposite end, species constructing thicker
or denser leaves and roots tend to have slower growth but
greater tissue longevity and stress tolerance, which could
promote survival (Poorter and Bongers 2006; Ryser 1996).
Species may also vary in the plastic response of these
attributes to changing environmental conditions, which
could be key in differentiating performance among coex-
isting species (Valladares et al. 2007). Given the potential
for early seedling survival to influence recruitment rates
(Gomez-Aparicio 2008), these seedling functional traits
could provide important insight into demographic patterns.
However, there is also growing evidence that a bulk of
plant mortality can occur prior to vegetative stages, during
germination and emergence (James et al. 2011; Leishman
and Westoby 1994; Sharitz and McCormick 1973). In order
to understand the implications of trait variation for popula-
tions, communities and ecosystems, it is critical to expand
our understanding beyond plant growth and resource cap-
ture to include key traits influencing transition probabilities
across early life stages.

A wide array of traits may influence germination and
emergence processes, but few studies have attempted to
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explore and integrate trait variation within and across
these key life stage transitions (but see Gardarin et al.
2011; Thompson et al. 1996). Seed mass is most broadly
studied among seed traits. Though it is typically com-
pared to seedling function and survival (Moles and
Westoby 2006), evidence suggests that light and tem-
perature stratification requirements for germination may
be negatively and positively associated with seed mass,
respectively (Milberg et al. 2000; Pearson et al. 2002).
Phenological patterns of germination and seminal root
growth could also influence recruitment probabilities and
are tightly tied to requirements for minimum soil tem-
perature, minimum water potential, and hydrothermal
time accumulation (Bradford 2002; Gummerson 1986;
Harris and Wilson 1970). Furthermore, the size, shape,
and density of coleoptiles or cotyledons could influence
survival of emerging seedlings under harsh abiotic condi-
tions (Ganade and Westoby 1999; Gardarin et al. 2010).
A major challenge in identifying general recruitment
strategies is that traits and ecological dimensions related
to germination and emergence may be unrelated to those
influencing seedling resource capture (Grime et al. 1997,
Leishman and Westoby 1992). However, early work by
Grime et al. (1981) and Shipley et al. (1989) documents at
least one cohesive spectrum linking large-seeded species
to both slow germination rates and slow seedling growth
rates across several life forms. Ultimately, if germination
and emergence are key processes influencing recruitment
outcomes, it is essential to identify and incorporate related
traits into a broader understanding of ecological strategies
and variation among plants.

Whether trait variation across multiple seed and seedling
stages can be used to identify general ecological strategies
which ultimately predict recruitment outcomes is unknown.
It has been suggested that functional groups of species
sharing key trait attributes may have common responses to
environmental stressors and ecosystem effects (Boutin and
Keddy 1993; Lavorel et al. 1997). These trait-based groups,
or functional types, should provide a simpler, generalizable
alternative to species-based models and management while
capturing community responses better than groups based
simply on life form or life history. However, it is unclear
whether functional types could effectively predict demo-
graphic responses, which are difficult and time-consuming
to measure.

The first two objectives of this study were to look for
major axes of variation and tradeoffs among seed and
seedling functional traits of dryland grasses, and to use
these trait data to identify recruitment types (i.e., func-
tionally similar species or varieties identified via cluster
analysis) among candidate restoration grasses. We then
asked whether these recruitment types captured variation
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Table 1 Grass species and varieties (i.e., ecotype or selected cultivar)
included in the study (n = 47)

Scientific name Variety Origin Phenology Cluster®
Bromus japonicus n.a. 1 A A
Bromus tectorum n.a. I A A
Eremopyrum triticeum n.a. I A A
Lolium multiflorum n.a. 1 A B
Agropyron cristatum  Fairway 1 P B
Agropyron desertorum Hycrest 11 I P B
Agropyron fragile Vavilov 11 I P B
Agropyron fragile Vavilov I P B
Agropyron fragile P27 I P B
Bromus inermis Lincoln I P B
Bromus riparius Cache 1 P B
Bromus riparius Regar 1 P B
Psathyrostachys Bozoisky-Select 1 P B
Juncea
Psathyrostachys Bozoisky II 1 P B
Juncea
Thinopyrum Rush I P B
intermedium
Elymus elymoides Antelope Creek N P B
Elymus elymoides Rattlesnake N P B
Elymus lanceolatus Critana N P B
Elymus multisetus Boardman N P B
Elymus wawawaiensis Secar N P B
Pseudoroegneria P7 (G6) N P B
spicata
Pseudoroegneria Goldar N P B
spicata
Pseudoroegneria Anatone N P B
spicata
Pseudoroegneria T 1561 N P B
spicata
Agropyron cristatum  Kirk I P C
Bromus inermis Manchar I P C
Elymus trachycaulus  First Strike N P C
Elymus trachycaulus  Pryor N P C
Poa secunda Opportunity N P C
Agropyron desertorum Nordan I P D
Elymus elymoides Fish Creek N P D
Poa secunda Sherman N P D
Festuca ovina Covar I P E
Elymus elymoides Toe Jam Creek N P E
Elymus lanceolatus Bannock N P E
Festuca idahoensis Joseph N P E
Koeleria macrantha  n.a. N P E
Poa secunda Mountain Home N P E
Poa secunda Reliable N P E
Agropyron desertorum Hycrest I P F
Thinopyrum ponticum Alkar 1 P F
Achnatherum lemmonii n.a. N P F

Table 1 continued

Scientific name Variety Origin Phenology Cluster®

Hesperostipa n.a. N P F
comata

Leymus cinereus Trailhead N P F

Pascopyrum smithii ~ Recovery N P F

Pascopyrum smithii ~ Rodan N P F

Psathyrostachys Vinall 1 P -
Juncea

n.a. Not applicable, I introduced, N native, A annual, P perennial

# Membership of one of six recruitment types identified by cluster
analysis (Fig. 1)

in probabilities of germination, emergence or seed-
ling survival under two water levels, providing a foun-
dation for a general framework to predict recruitment
outcomes.

Materials and methods
Study system and experimental approach

Trait and life stage transition data were collected for 47
grass varieties (i.e., ecotypes or cultivars) broadly distrib-
uted across dryland systems of western North America
(Table 1). Study species represent key native and non-
native perennials used in restoration efforts in this region,
two annual grasses that commonly invade following distur-
bance (Bromus tectorum L. and Bromus japonicas L.), and
two introduced annual grasses that have shown little ability
to invade these systems [Eremopyron triticeum (Gaertn.)
Nevski and Lolium multiflorum (Lam.)]. Seeds were
obtained from private seed companies, US Department of
Agriculture (USDA) Plant Materials Centers, and personal
collection.

Seedling traits and life stage transitions were meas-
ured at a field site in the Northern Great Basin Experi-
mental Range near Burns, Oregon (43°27'N, 119°42'W,
1400 m elevation, 283 mm average annual precipitation).
We arranged 300 tilled 1-m? plots in a 15 x 20 grid and
randomly assigned each variety to six plots. Plots were
hand sown (400 seeds per plot) to monitor probabilities of
emergence and seedling survival. Plots also contained one
germination bag (50 seeds per bag, fully buried, 2- to 5-cm
depth) and two open-top seedling bags (all bags buried
with open top flush to soil surface and extended to 10-cm
depth to allow unrestrained seedling growth within the bag)
made of nylon mesh and filled with field soil. Germination
and open-topped seedling bags were removed from the site
at different times to quantify germination probabilities or
seedling traits, respectively (described below).

@ Springer



42

Oecologia (2016) 181:39-53

Seeds were sown during November 2011. Because pre-
cipitation for the study year (130 mm) was less than 50 %
of average, all plots were supplemented with 65 mm of
water over six April watering events (approximately 11 mm
per event), prior to emergence to simulate the effect of a
typical spring storm period on soil moisture (low-water
treatment). Row coverings (Agribon AG-19) were tempo-
rarily placed over all plots during watering to reduce evap-
orative loss. To capture life stage transition rates under two
moisture scenarios and to quantify differences in trait plas-
ticity among grass seedlings, half of the plots per variety
received an additional 65-mm watering treatment distrib-
uted as 12 events (ranging 2.5-10 mm depending on soil
moisture status) between March and May 2012 (high-water
treatment).

Trait measurement

Seedling traits were sampled during spring 2012. Once
seedlings in all open-top bags of a given variety and treat-
ment had established (i.e., developed a fully expanded
true leaf), seedlings were thinned to one seedling of uni-
form size per bag. One set of open-top bags was harvested
immediately, and a second set was harvested 3 weeks later.
Fresh leaves and roots were scanned (WinRHIZO; Regent
Instruments, Sainte-Foy, Canada) for total area and length,
respectively, and leaves were kept moist and weighed for
fresh mass within 24 h. Roots, leaves, and shoots were
then dried at 60 °C for at least 3 days and weighed for dry
mass. Traits collected from initial and final harvests were
used to calculate RGR and root elongation rate (RER)
(Hunt et al. 2002). All other seedling traits in the analysis,
except initial root mass (RM;), were collected from final
harvest seedlings. Traits collected under the high-water
treatment were used only to estimate RGR plasticity, fol-
lowing the phenotypic plasticity index described by Valla-
dares et al. (2006) (Table 2). We sampled three individu-
als per variety, treatment, and harvest to calculate seedling
trait means.

Coleoptile tissue density (CTD) was calculated as the
ratio of dry to fresh mass of newly emerged coleoptiles
(<1 cm tall) grown in five regularly watered pots per variety
outside of the Eastern Oregon Agricultural Research Center
greenhouse in Burns in spring 2012 (Ganade and Westoby
1999). Seed mass was the average seed weight from three
lots of 50 seeds, oven-dried for 2 days at 60 °C.

Hydrothermal germination parameters, including base
temperature, base water potential, and hydrothermal time
for germination, are useful indices describing tempera-
ture, moisture, and temporal requirements for germination,
respectively (Allen et al. 2000; Bradford 2002). To esti-
mate these parameters, germination trials were performed
for each variety at three sub-optimal temperatures (6,
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12, and 18 °C) and three water potentials (—0.033, —0.5,
—1.0 MPa) in a factorial design following experimental
methodology and equipment described by Hardegree et al.
(2003). Six replicate germination vials (30 seeds vial ™1
per treatment and variety were filled with polyethylene
glycol 8000 water potential solutions and distributed ran-
domly among temperature chambers such that no two rep-
licates were assigned the same chamber. Germinated seeds
(radicle >2 mm) were counted at least every other day and
pooled across replicates to create cumulative germina-
tion curves scaled by the maximum percent germination
observed for a given seedlot (Hardegree et al. 2013). Inter-
polation was used to calculate time to germination for every
fifth percentile of the seed population up to and including
the 25th percentile. Inverses of these values (per day germi-
nation rates) were then used to estimate hydrothermal time,
base water potential, and base temperature closely following
modeling methods of Gummerson (1986) and based on the
hydrothermal time equation:

Our = (T = Tp) x (¥ = ¥%(G)) x 1(G) 1)

where Oy is hydrothermal time, 7}, is base temperature for
germination, ¥,(G) is base water potential for germination
for a given germination percentile G, #G) is the time to ger-
mination for G, and T and ¥ are environmental temperature
and water potential, respectively.

We also calculated average annual rate sum, which inte-
grates potential germination response relative to predicted
field conditions and can be used as a relative index of
potential germination performance among different seed-
lots (Hardegree et al. 2013). Rate sum estimates the num-
ber of times a field-planted seedlot would reach a given
germination percentile in a year, on average, if the seed
population was planted at the beginning of the year and
replaced by an identical seed population every time the ger-
mination percentile was reached. Rate sums thus translate
hydrothermal parameters into a more ecologically relevant
index of relative germination rate given a realistic treatment
of actual field-variable conditions of seedbed microclimate
(Hardegree et al. 2013). We estimated average annual rate
sum by predicting and summing hourly 25 % germination
rates for each year of a 44-year simulation of seedbed tem-
perature and water potential for a field site in Ada County,
Idaho (Hardegree et al. 2013). Hourly germination rates
[#(25)~'] were predicted by applying estimated Oy, ¥, (25)
and T, parameters to the hydrothermal time (Eq. 1), where
T and ¥ were temperatures and water potentials, respec-
tively, for each hour of the simulation. Average annual rate
sums ranged from around five for slower germinating seed-
lots to over 28 for the most rapidly germinating seedlots.
All trait data are described in Table 2, and trait means and
SDs are provided in Electronic Supplementary Material,
Appendix S1.
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Table 2 Trait and life stage transitions utilized in this study. Seedling traits were measured at two harvests over 3 weeks to calculate relative

growth rate and root elongation rate [initial (i), final (f)]

Variable Abbreviation Units Definition

Seed traits

Seed mass - mg
Coleoptile tissue density CTD gg!

Base temperature Ty °C

Base water potential Py MPa
Hydrothermal time Oyr MPa °C day
Rate sum - -

Per seed dry mass

Coleoptile dry mass/fresh mass

Minimum temperature at which germination progresses

Most negative water potential at which germination progresses®

Accumulation of temperature and moisture required above base levels to germinate
No. of times a seed lot could achieve 25 % germination annually, on average, given

Oy requirements and regional climatic conditions

Seedling traits

[Log.(dry mass;) — log (dry massi)]/dtb

[Log,(root lengthy) — log,(root length,)]/dt®

Total root dry mass from initial harvest

Root dry mass/total plant dry mass

(Maximum mean RGR — minimum mean RGR)/maximum mean RGR® ¢
No. germinated seeds/(total no. seeds x % viability®)

No. of emerged seedlings/(total seeds sown X % germination®)

No. survived seedlings/no. of emerged seedlings

Relative growth rate RGR g g ! day™!
Root elongation rate RER cm cm ™! day™!
Leaf dry matter content LDMC gg! Leaf dry mass/fresh mass
Specific leaf area SLA em? g~! Leaf area/leaf dry mass
Initial root mass RM; mg
Specific root length SRL cmg™! Root length/root dry mass
Root mass ratio RMR
RGR plasticity - -
Life stage transition probabilities
Per germination bag
Germination - %o
Per plot
Emergence - %
Seedling survival - %
Cumulative survival - %o

Total survived seedlings/(total seeds sown x % viability®)

All other seedling traits, except RM;, were measured at the second harvest. RGR plasticity compares mean RGR values between low- and high-
water treatments; all other seedling traits were collected under low water conditions

# Based on the 25 % subpopulation
® Hunt et al. (2002)
¢ Index of plasticity (PI) (Valladares et al. 2006)

d Sign (&) is based on direction of plasticity [maximum RGR under watering treatment (+), maximum RGR under control treatment (—)]

¢ Mean value per variety

Life stage transition probabilities

To account for differences in initial seedlot viability (see
germination probability below), tetrazolium (TZ) testing
was performed when prior viability tests (germination or
TZ) were unavailable or indicated less than 90 % germina-
bility (Appendix S1). TZ testing followed the Association
of Official Seed Analysts and was conducted at the Oregon
State University Seed Laboratory (Corvallis, OR). Condi-
tional life stage transition probabilities, including germina-
tion, emergence, seedling survival and cumulative survival
(Table 2) (Fenner and Thompson 2005), were calculated
from three germination bags and seeded plots per grass
variety and treatment. Germination probability was the
average proportion of germinated seeds (radicle >2 mm)

in germination bags divided by seedlot viability. Emer-
gence and seedling mortality were monitored in 1-m? plots,
in which emerged seedlings were marked and monitored
biweekly from April to dormancy onset in late June. Emer-
gence was the average proportion of germinated seeds per
plot (estimated no. germinated seeds = germination prob-
ability x 400 sown seeds per plot) resulting in coleoptiles
(i.e., non-autotrophic shoots) that penetrated the surface.
Seedling survival was the proportion of emerged seedlings
surviving (i.e., remaining intact and flexible) to the end of
the first growing season. Cumulative survival was the pro-
portion of sown seeds resulting in survived seedlings over
the first growing season (i.e., first-year recruitment suc-
cess). Life stage transition data are summarized in Table 2
and provided in Appendix S1.

@ Springer



44

Oecologia (2016) 181:39-53

Analyses

Mean trait values were captured in a trait matrix with 47
grass varieties and 14 traits. Missing data comprised less
than 3 % of the entire trait matrix, and in each of these
cases, data were substituted with averages from conspecific
varieties or columns in order to retain ecologically relevant
grass varieties in the analysis (substitutions noted in Appen-
dix S1). Rate sum and leaf dry matter content (LDMC) val-
ues were log transformed to reduce outlier influence, and
all traits were relativized by standard deviates to give equal
weights to traits with different units (McCune and Grace
2002). Data were checked for linearity, and proportional
life stage transition rates were logit transformed to meet
distributional assumptions.

Pearson correlation coefficients were calculated between
all traits to aid the interpretation of trait relationships across
seed and seedling stages. Principal components analysis
(PCA) was then performed on the full trait matrix with
Varimax rotation to reduce trait variation down to a few
key axes describing relationships and tradeoffs among
seed and seedling traits. In order to explicitly test whether
varieties were similarly related to one another in seed and
seedling trait spaces, we split the full trait matrix into a
seedling trait matrix and seed trait matrix with eight and
six trait columns, respectively (Table 2). CTD was classi-
fied as a seed trait because of its functional relevance in the
pre-emergence period. A Mantel test was then performed
on two Euclidean distance matrices (47 varieties x 47 vari-
eties, in trait space) from seed and seedling traits, using a
randomization test of statistical significance (1000 runs).
Mantel tests estimate the correlation between two distance
matrices, providing a standardized Mantel statistic (r), and
a significance test of the null hypothesis of no relationship
between matrices.

In order to identify and describe emergent functional
types during recruitment (sensu Lavorel et al. 1997), hier-
archical agglomerative cluster analysis was performed on
the trait matrix using Euclidean distances and Ward’s link-
age method. We minimized weighting of highly corre-
lated traits in cluster separation by retaining just one trait
when pairs of highly correlated traits occurred (r > 0.70)
(Fry et al. 2014). We thus performed cluster analysis with
11 of the 14 traits, retaining seed mass, specific leaf area
(SLA) and RGR while excluding respective correlates RM;,
LDMC and RER. The appropriate number of clusters was
determined from visual assessment of cluster separation in
the dendrogram and in the PCA ordination space to identify
possible cutoff points. As an objective verification of clus-
ter cutoff selection, clusters were tested for trait differences
using one-way ANOVA. We also examined the dendrogram
and PCA ordination space for late-merging or outlying
(i.e., relative to the cluster center) varieties, respectively.
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Psathyrostachys juncea var. Vinall was distant from all
clusters and was removed from cluster analysis with no
additional effects on cluster membership (dendrograms
in Appendix S2). We also used discriminant analysis with
leave-one-out cross-validation to validate cluster member-
ship and found 43 of 46 original cluster assignments to
be supported (Appendix S2) (Fry et al. 2014). Once clus-
ters were established, we conducted one-way ANOVAs
(o = 0.05) with Tukey’s honest significant difference for
post hoc multiple comparisons to test for cluster differences
in life stage transition probabilities under both high and
low water treatments. PCA, mantel tests, cluster analysis
and discriminant analysis were performed in R under the
packages pysch, ecodist, cluster, and MASS, respectively
(R v.1386 3.1.1 R Core Team 2014).

Results

A Mantel test weakly rejected the null hypothesis of no
relationship between seed and seedling trait distance matri-
ces (standardized Mantel r = 0.183, P = 0.035). Out of
91 possible correlations between 14 traits, there was some
evidence of correlation (¢ = 0.10) in 30 cases: between
seedling traits (n = 13), between seed traits (n = 6), and
between seed and seedling traits (n = 11) (Table 3). Most
strong correlations within and among stages were captured
in trait spectrums identified by PCA and are described
below, though some bivariate trait associations were not
captured by ordination. Among these bivariate associations,
varieties with lower RGR tended to have more positive
RGR plasticity in response to water. Additionally, varieties
with higher rate sums tended to have lower base tempera-
tures, more negative base water potentials and lower hydro-
thermal times for germination (Table 3).

Four axes were retained from PCA (RC1-RC4), cumu-
latively explaining 65 % of the total variance among grass
traits (Table 4; Fig. 1a, b). Each axis represented a separate
set of traits which loaded highly onto the axis, indicating
that these traits were highly correlated with one another
across grasses. The first axis (RC1) had positive loadings
of RGR and RER and negative loadings of RM; and seed
mass, representing a spectrum from small seed/root mass
and rapid growth to large seed/root mass and slow growth.
The second axis (RC2) represented a separate growth spec-
trum connecting seedling growth rate to leaf and coleoptile
traits and germination rate, with positive loadings of RGR,
RER, SLA, and rate sum and negative loadings of LDMC
and CTD. The third axis (RC3) captured variation in ger-
mination requirements, with opposite loadings of hydro-
thermal time and base water potential. Finally, the fourth
axis (RC4) described a tradeoff in root investment strategy
with opposite loadings of SRL and RMR. Notably, while
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Table 4 Pearson correlations and percent variance explained for the
first four principal component analysis axes

Axis 1 2 3 4 s
RGR —0.64 0.52 —0.21 0.30 0.81
RM; 0.93 0.02 —0.15 0.04 0.89
LDMC 0.05 -0.72 —0.30 —0.02 0.61
SLA —0.17 0.75 0.32 —0.12 0.71
SRL —-0.23 —0.12 0.28 0.70 0.64
RMR —-0.29 —0.12 0.19 —0.78 0.75
RER —0.67 0.49 —0.01 0.22 0.75
Seed mass 0.84 0.17 —0.08 0.26 0.81
CTD —0.01 —0.50 0.13 -0.17 0.29
Rate sum 0.06 0.65 —0.20 —0.06 0.47
Oyr —0.05 —0.30 —0.80 —0.01 0.73
T, 0.37 —0.38 0.15 0.40 0.47
Yy —0.14 —0.17 0.86 0.00 0.79
RGR plasticity 0.03 —0.16 0.32 —0.38 0.27
% Variance 0.20 0.19 0.14 0.12

Total 0.65

Traits with high loadings (r > approximately 0.50) are in italics. For
abbreviations, see Table 2

2 The h*-metric estimates the percent variance of an observed trait
which is accounted for by the retained components

rate sum and CTD shared weak correlations with key traits
on RC2 (Table 3), less than 50 % of the variation in these
traits was ultimately captured by the components (h*-val-
ues; Table 4). Similarly, despite some bivariate associations
with other traits (Table 3), base temperature for germina-
tion and RGR plasticity were not strongly represented by
any single axis.

Cluster analysis separated grasses into six trait-based
recruitment types (clusters A-F; assignments given in
Table 1) sharing similar collections of trait attributes.
Examination of the dendrogram (Appendix S2) suggested
that “natural groups” (sensu McCune and Grace 2002)
occurred at cutoffs of either two or six clusters, when long
cluster stems signified substantial between-cluster dif-
ferences. Six relatively homogeneous clusters were more
meaningful for the study’s objectives. Further cluster sepa-
ration (i.e., to seven clusters) yielded groups with just two
conspecific or congeneric varieties, while further merging
(i.e., to five clusters) yielded large groups with minimal
distances between subsequent mergers. Selection of six
clusters was further verified by the occurrence of signifi-
cant trait differences between all clusters. Given the small
sample size of some clusters (n = 3), these estimates of sig-
nificance were relatively conservative.

Clusters were broadly separated by seedling growth rate
(rapid,clusters A-D; slow, clusters E, F) and germination
rate (i.e., rate sum; rapid, clusters A, B; slow, clusters C-F),
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with other traits underlying these differences (Table 5).
Cluster A (n = 3) represented annual grasses with the most
rapid growth and germination traits accompanied by low
CTD and LDMC, high SLA, small initial roots with rapid
RER, and the lowest hydrothermal times and base tem-
peratures for germination. Cluster B (n = 21) represented
the most rapidly germinating and growing perennials, with
average leaf and root attributes but above-average rate sums
with more negative base water potentials for germina-
tion. Cluster C (n = 5) grasses shared some leaf and root
attributes with cluster B, but exhibited below-average rate
sums and were further separated by the tendency to grow
faster in drier conditions (negative RGR plasticity). Clus-
ter D (n = 3) also represented varieties with rapid growth
and slower germination, primarily separated from other
clusters by very high hydrothermal time estimates. Clus-
ters E (n = 7) and F (n = 7) were both separated by slow
growth and germination rates, but represented very differ-
ent strategies. Cluster E represented small-seeded grasses
with lower SLA and above-average RMR, whose seeds and
plants were water sensitive with positive RGR plasticity
and the least negative base water potentials for germina-
tion. Cluster F represented the largest-seeded grasses with
large initial roots but slow RGR and RER, low CTD and
slower predicted germination rates with higher base tem-
peratures. While cluster A consisted of all invasive annual
grasses (three of four in the study), native and non-native
perennials were spread throughout other clusters (Table 1).
Dendrogram structure, trait means and SEs for each cluster,
and significant trait differences between clusters are given
in Table 5.

No significant differences were detected among clus-
ters with respect to germination probability under either
water treatment, and weak but insignificant differences
were detected among species with respect to emergence
(Table 6). Clusters differed significantly with respect to
seedling survival under the low water treatment and cumu-
lative survival under the high water treatment (Table 6).
However, multiple comparisons revealed that significant
differences occurred between just two clusters or were non-
detectable, respectively (Fig. 2a, b).

Discussion

In this exploratory analysis of trait variation across life
stages, we characterized new links and divisions between
seedling growth and leaf function, root function and ger-
mination. First, our results affirmed the seed mass—growth
rate tradeoff previously found among woody and herba-
ceous life forms (e.g., Baraloto et al. 2005; Houghton et al.
2013; Wright and Westoby 1999) and linked this spectrum
to root traits. Trait associations along RC1 suggested that
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Fig. 1 Trait loadings (vectors) and species scores (points) along prin-
cipal component analysis axes a 1 and 2, and b 1 and 3. The magni-
tude and direction of each trait vector along a given axis represents
the correlation between the trait and that axis. Symbol letters indicate
trait-based recruitment types identified by cluster analysis (Table 5;
clusters A—F). RGR Relative growth rate, RER root elongation rate,
LDMC leaf dry matter content, SLA specific leaf area, CTD coleoptile
tissue density, SRL specific root length, RM; initial root mass, RMR
RM ratio

larger seed mass enabled massive root growth upon ger-
mination, which could promote early seedling survival
among slow-growing grasses. However, smaller seeded
grasses with less massive initial roots tended to compen-
sate with more rapid root elongation and seedling growth
rates through establishment. Hallett et al. (2011) identified
a similar positive link between seed mass and early root

length among Mediterranean-climate forbs; while small-
seeded species did not appear to achieve higher root growth
rates overall in the first 2 months, rates were much more
variable. Together, this evidence suggests that small-seeded
species have the potential for rapid elongation of small ini-
tial root systems, but that this is dependent on microsite
and external resource availability. Because seed mass is
easily measured and has implications for seedling survival
and growth, it has become a key trait in ecological strate-
gies (Moles and Westoby 2006; Westoby 1998). However,
germination traits did not link strongly to seed mass or this
spectrum, indicating that seed mass alone is unlikely to
capture functional differences in recruitment response.

Interestingly, we also identified a separate growth-
related spectrum (RC2) in which rapidly growing seedlings
not only displayed higher SLA and lower LDMC [as pre-
dicted by the leaf economics spectrum (Poorter et al. 2009;
Shipley 2006)], but tended to have lower tissue density
from the time of germination (low CTD) and more rapid
germination. In conjunction with previous studies suggest-
ing a link between rapid seedling growth and germina-
tion in macrophytes (Shipley et al. 1989), wetland plants
(Shipley and Parent 1991) and terrestrial plants (Grime
et al. 1981), our results indicate that it may be possible
to make general predictions about the speed of germina-
tion based on easily measurable growth-related traits like
SLA. However, while rate sum was weakly correlated with
SLA and RER (Table 3), PCA axes together explained
less than 50 % of the variation in rate sum across species
(Table 4), suggesting substantial variation in the speed of
germination external to this leaf tissue spectrum (illustrated
through cluster analysis, described below). Similarly, the
separate association of seedling growth rate with traits on
RC1 and RC2 highlights that RGR has multiple underlying
mechanisms which may not be captured by one aspect of
seed or leaf function alone. Ultimately, these two axes sup-
port previous work identifying seed mass and leaf physiol-
ogy as two independent axes which define plant strategies
globally (Diaz et al. 2004; Laughlin et al. 2010; Westoby
1998), while suggesting that these spectra may also extend
to aspects of root and germination function.

Importantly, some seed and belowground traits with
potential implications for recruitment showed little cor-
respondence to aboveground function. Hydrothermal time
and base water potential for germination were highly corre-
lated (as found in Allen et al. 2000) and fell out separately
on RC3, with the general lack of correspondence to seed-
ling traits (Table 3) suggesting that neither the driest con-
ditions in which a species can germinate, nor the accumu-
lation of moisture and temperature required to germinate,
were strongly related to general strategies of seedling devel-
opment in this environment. No other studies to our knowl-
edge have examined these trait links directly, although
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Table 5 Trait means and SEs (in parentheses) for recruitment types identified by cluster analysis.

l—lﬁ

=

Cluster A Cluster B ClusterC Cluster D Cluster E Cluster F
High RGR High RGR High RGR High RGR Low RGR Lowest RGR
Highest rate sum High rate sum  Lower rate sum  Lowerrate sum Lower rate sum Lower rate sum Avg. Min. Max.
RGR 0.106  (0.01) OAOQZab(OAOO4) 0.100° (0.002)  0.104® (0.009) 0A073b°(0006) 0.061° (0.003) | 0086 0039 0.125
SLA 2522 (97) 161.4P (47) 178A4ab(152) 14860 (42) 137.0 (8.8) 143.1b (11.7) 159.6 954 2441
SRL 951 (20) 799 (4.1) 988 (54) 99.3 (9) 86.5 (10.2) 852 (8.8) 86.5 387 1367
RMR 0.331ab(04025) 0.34535(0.012) 0.327ab(0.022) 0293P (0.019) 04242 (0.03) 0311P (0.032) | 0350 0234 0580
Seed mass 1.890¢(0.36) 3.262b(0.24) 2.7']abc(0.63) 1.64b(0.61) 1.17¢ (0.39) 4.402 (0.46) 285 028 587
CTD 123 (0.26) 133 (0.33) 132 (03) 139 (0.3 143 (0.72) 151 (0.37) 137 108 181
Rate sum 20912 (4.1) 14292 (0.5) 879" (04) 9.16P 0.3 0.85° (0.4) 9.28P (1.1) 123 43 288
Onr 712¢ (129)  1353b (64) 114.35¢(6.8) 257123 (21.3) 103.5b°(5.7) 127570 (9.7) 131.8 496 2%.8
To 1.52b (0.65) 2.33b (0.16) 3.083b(0.49) 222k (0.45) 268b (0.15) 4.482 (0.41) 2.71 046 577
Yo —1.953b(0.28) -2492b°(0.14) 1.85° (026) -351°(035) -171% (0.14) 21612 (0.13) 249 A2 125
RGRplasticty | 0134 (0.122) -0064 (0.039) -0230 (0.04) -0018 (0.127) 0144 (0.099) 0081 (0.145)| 0000 -0683 0572
LDMC 233 (0.02 284 (0.52) 27.3 (0.69) 292 (1.08) 30.7 (0.64) 292 (192 285 233 391
RER 0.085 (0.012) 0.061 (0.005 0.058 (0.007) 0.064 (0.009 0055 (0.004) 0.034 (0.005)| 0.056 0.010 0.105
RM 3.04 (0.1) 6.86 (0.52) 551 (1) 412 (1.29) 383 (1.12) 941 (0.67) 6.29 142 1433

Different letters indicate SDs between clusters (p < 0.05). Multiple comparisons were not performed for SRL or RGR plasticity, in which group
differences were either non-significant or marginally significant (p < 0.10), respectively. Average, minimum, and maximum trait values across
all species are also given. The dendrogram depicts the general branching structure of cluster separation but is not to scale. LDMC, RER and RM;

were not included in cluster analysis or tested for cluster differences

Table 6 One-way ANOVA models testing for significant differences
between clusters in life stage transition probabilities under two water-
ing treatments

Life stage transition Low water High water

F p F p
Germination 1.015 49 0.423 1.24 5 40, 0.309
Emergence 2.08549  0.088" 21654,  0.078°
Seedling survival 2.96(5 40 0.023" 2.35(5 40 0.058"
Cumulative survival 234,  0.06" 292549 ~ 0.025

*p<0.05,7p<0.10

some studies have suggested that these attributes may tie
into certain strategies, such as salt tolerance or invasiveness
(Allen et al. 2000; Pérez-Fernandez et al. 2000). While the-
ory predicts weaker associations between seed and seedling
function across species (Grime et al. 1997; Leishman and
Westoby 1992), the separation of the fourth axis tradeoff
between root allocation (RMR) and root tissue efficiency
(SRL) from root elongation and seedling growth was more
surprising. RMR and SRL influence resource acquisition
and are often linked to some aspect of whole plant growth
(reviewed by Reich 2014). However, our results suggest
that while RER may be tied to whole plant growth across
species, root morphological traits are not always linearly
associated with their aboveground counterparts [e.g., SLA,
as found in Tjoelker et al. (2005)] or with growth. Given
the equivocality of above- and belowground relationships
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across relatively few studies (reviewed by Freschet et al.
2010), there must be a greater effort to measure root traits
across species and environments to understand how they
contribute to concepts of ecological strategy.

The identification of four separate trait axes indicates
that while some aspects of seed and seedling function are
related, ecological strategy during recruitment is ultimately
a product of location along several functional spectra which
may influence germination, emergence, and seedling sur-
vival. A major benefit of cluster analysis was that it allowed
us to isolate general recruitment types representing pos-
sible combinations of attributes from many dimensions
of trait variation. We separated six groups of grasses with
core-defining attributes across seed and seedling stages,
but found substantial challenges in their ability to predict
recruitment responses.

Although there are few studies to which identified
recruitment types can be compared, the major veins of
cluster separation—growth rate and germination rate—
were similar to those which typically isolate adult strate-
gies. For example, growth rate represents a key spectrum
in plant ecology (Reich 2014) and has been used to distin-
guish stress-tolerant species (slower growing) from ruderal
and competitive species (typically faster-growing annuals
and perennials, respectively) under the competitor—stress
tolerant-ruderal (CSR) scheme (Grime 1977). Incorpo-
rating both seedling growth rate and predicted germina-
tion rate, we found that four of six types maintained either
rapid (groups A, B) or slow (groups E, F) developmental
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rates throughout recruitment. Under the CSR scheme, we
might thus apply the classification of these groups as rud-
eral annuals (group A), competitive perennials (group B)
and stress-tolerant perennials (groups E, F) to recruitment
stages. In contrast to the concept of stress tolerance in
slow-growing plants which survive harsh conditions, slow
germinators required relatively favorable cues to germinate

(e.g., higher temperatures for group F or wetter condi-
tions for group E). While this may result in fewer germi-
nants from the seed pool in a given year, these conserva-
tive attributes may minimize the chance of encountering
fatal environmental hazards such as freezing or extreme
drought during the earliest vulnerable stages (Donohue
et al. 2010). In contrast to the parallel relationship between
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germination rate and seedling growth rate observed among
other grasses, the two remaining groups, C and D, exhib-
ited slower germination traits, but grew rapidly once
emerged. Collectively, these groups highlighted the range
of recruitment niches which may be filled given the multi-
dimensional nature of trait variation across seed and seed-
ling stages (Table 5).

Grass membership within clusters also has important
implications for the applied value of recruitment types.
Three of four invasive annual grasses fell into group A,
exhibiting the most rapid germination and RERs—a rapid
development syndrome often associated with invasive spe-
cies (PySek and Richardson 2007). While no perennials
reached these rapid germination rates (as found in Grime
et al. 1981; Shipley et al. 1989; Shipley and Parent 1991),
germination rates of group B were highest, suggesting that
this group may be most directly competitive with inva-
sive annual recruitment. Importantly, varieties of the same
species were sometimes classified as different recruit-
ment types. For example, while four varieties of Elymus
elymoides displayed similar leaf and RGR attributes, sub-
stantial variation in seed size, initial root mass, plasticity
and germination attributes resulted in assignment to three
different clusters (Table 1), demonstrating the extent of
recruitment-related trait variation which can occur between
conspecific populations. Indeed, significant directional
selection on morphology and phenology was observed in
restoration-sown E. elymoides populations after just 2 years
(Kulpa and Leger 2013), highlighting that both seed source
and growing condition may be important considerations
in trait measurement and subsequent species classification
into recruitment types (Cochrane et al. 2015). This also
emphasizes the critical importance of considering traits in
addition to species identity in restoration approaches and
ecological models, and makes a case for the identification
of key traits which could eventually be used to separate
recruitment strategies related to patterns of recruitment.

Although identified recruitment types were linked to
a suite of seed and seedling attributes, they had a limited
ability to predict life stage transition probabilities under
either water scenario (Table 6; Fig. 2). Based on the func-
tional characteristics of recruitment types, we might have
expected higher germination probabilities in groups A and
B (given high rate sum and earlier germination), higher sur-
vival in groups C and E under low and high water condi-
tions, respectively (given RGR plasticity), and lower ger-
mination probabilities but higher survival in groups D and
F. While seedling survival differed between a couple clus-
ters, as a whole, survival probabilities exceeded 0.60 across
all but four grass varieties, regardless of watering treat-
ment. Given that water limitation was apparently removed
as a survival barrier in this experiment, we had limited abil-
ity to test the potential of trait-based recruitment strategies
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to predict seedling performance. However, the traits and
strategies included here could be relevant to seedling sur-
vival under other conditions—particularly if drought or
competition became a significant limiting factor. For exam-
ple, Pillay and Ward (2014) found that seedling RGR and
SLA were indicative of seedling competitive effects and
responses across savanna tree species, respectively, which
could favor functional types similar to group A annual
grasses. In contrast, germination and emergence limita-
tions were not overcome across grass varieties, suggesting
a stronger or more complex range of environmental limi-
tations acting on these processes in this environment. We
observed within-cluster variation in germination and emer-
gence probabilities as high five- and 12-fold, respectively,
with little evidence of distinct cluster differences in these
probabilities. Thus, while we demonstrate that germina-
tion and emergence processes can be of substantial impor-
tance to understanding recruitment dynamics, substantial
challenges remain in the application of functional traits to
unraveling these processes.

In a recent study, we examined direct links between a
subset of the present traits and germination and emergence
probabilities, and found that some of the variation in these
processes could be explained by seed mass and CTD, but
that much more remained to be explained (Larson et al.
2015). While traits related to germination and especially
emergence are relatively understudied in functional ecol-
ogy, the complexity and variability of environmental con-
trols on these processes could also pose a significant chal-
lenge. For example, although we moved beyond testing the
influence of single traits on germination probabilities to
identifying recruitment types sharing a suite of germination
attributes reflecting temperature and moisture requirements,
germination variability remained high within clusters.

Generally, plant functional types have been used to
examine longer term responses of communities over time
[e.g., shifts in abundance as a result of grazing (Louault
et al. 2005), fragmentation (Kolb and Diekmann 2005)
or fire (Miiller et al. 2007)]. In comparison, predict-
ing recruitment probabilities in a given year depends on
capturing responses to much finer-scale spatiotemporal
variability in environmental filters (e.g., Gémez-Apa-
ricio 2008; Young et al. 2015). Thus, while very high
rate sums of group A annuals indicate rapid germination
responses which may allow higher germination totals in
a given year, observed germination probabilities were
among the lowest across grasses under both water treat-
ments (Fig. 2). Lack of germination in trial bags pulled
as early as January-March (authors’ unpublished data)
suggested that dormancy or seed death may have been
sparked by unanticipated seed responses to drought
or freezing prior to germination (Clauss and Venable
2000; Elberse and Breman 1990). Given the substantial
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and complex influence of environmental context (water,
temperature, soil biota, environmental hazards) on early
life stage transition rates, using recruitment types to pre-
dict demographic patterns in a given year is likely to be
impossible without considering environmental context
at a finer scale and exploring a wider range of relevant
traits, such as dormancy, seed-persistence metrics, ger-
mination phenology and shoot and radicle physiology
(Baskin and Baskin 1988; Dalling et al. 2011; Long et al.
2015). Moving forward, a key task will be to extend
empirical studies to consider additional traits and envi-
ronments over longer time periods to identify whether
general dimensions of trait variation are able to capture
fine- or broad-scale recruitment patterns.

Given the multi-dimensional nature of recruit-
ment trait variation observed across seed and seedling
stages (at least four axes among traits here), recruit-
ment types (i.e., clusters) which capture sets of related
attributes among species may provide an advantageous
tool in plant functional ecology. However, the lack of
correspondence between recruitment types and life
stage transition rates identified here suggests that the
functional traits underlying recruitment types (e.g.,
germination and growth rates) were insufficient to
capture responses to the particular filters in this envi-
ronment. In order to link these demographic patterns
to functional traits, we must develop a better under-
standing of how coordinated sets traits interact with
the environment during separate recruitment stages.
For example, incorporating dormancy and seed lon-
gevity traits (which may be unrelated to hydrothermal
time requirements) into germination functional types
may better predict seed responses in different environ-
ments and years. These germination types may exist
independent of seedling strategies, emergence and sur-
vival. The ability to link traits and demography may
ultimately be limited by the feasibility of including
ever-finer scales of environmental and trait informa-
tion; however, efforts to describe recruitment patterns
across species and environmental gradients are begin-
ning to emerge (Fraaije et al. 2015; Gémez-Aparicio
2008), and traits and functional types which could dif-
ferentiate performance during recruitment remain vir-
tually untested across species in trait-based ecology.
There is substantial opportunity to incorporate these
ideas into empirical studies to explore general rela-
tionships between traits, the environment, and recruit-
ment dynamics.
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