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1 | INTRODUCTION

Natalie L. Cleavitt?

Abstract

Orchids (Orchidaceae) are a family of flowering plants with a high proportion
of threatened taxa making them an important focus of plant conservation.
Orchid conservation efforts are most effective when informed by reliable
demographic research. We utilized transition matrix models to examine the
population dynamics and demography within sympatric populations of a spe-
cies pair of terrestrial round-leaved orchids, Platanthera macrophylla and
P. orbiculata. The models were parameterized from a large data set spanning
9 years from field observations of over 1,000 orchids. Life table response exper-
iments (LTRE) were used to identify which life history transitions, and which
vital rates within those transitions, most contributed to observed differences
between the two species and most contributed to interannual variation within
each species. Results from mean transition matrices projected finite rates of
population growth that were not significantly different between the two spe-
cies, with P. macrophylla near the replacement rate and P. orbiculata below
it. LTRE revealed that the difference in population growth rates between the
two species was mostly due to differences in fecundity (flowering adult to
protocorm transition) driven by differences in fruit set and seed germination
into protocorm, which were much greater for P. macrophylla. The two primary
contributors to interannual variation in population growth rates for both
orchids were adult survival and fruit set, respectively. These findings indicate
that any environmental disturbances harming adult survival or fecundity will

have a disproportionately negative effect on the orchid populations.
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appear to be more sensitive than most plants to changes
in their environment due to the complex and specialized

Orchids (Orchidaceae) are an exceptionally diverse fam-
ily of flowering plants that includes a very high propor-
tion of threatened taxa making them an important focus
of plant conservation (Swarts & Dixon, 2017). Orchids

interactions they must maintain with other species, both
fungi belowground and pollinators aboveground
(Bronstein, Armbruster, & Thompson, 2014; Fay &
Chase, 2009; Fay, Pailler, & Dixon, 2015). For example,
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orchids begin their life cycle dependent upon a mycorrhi-
zal association with a fungal endophyte for seed germina-
tion and establishment, and many, if not most, terrestrial
orchids also rely on mycorrhizal partners for part of their
carbon gain into adulthood (Rasmussen, Dixon,
Jersdkovd, & Tésitelovda, 2015; Zelmer, Cuthbertson,
& Currah, 1996). Within the genus Platanthera, P. bifolia
has been confirmed as a partial mycoheterotroph receiv-
ing about 20% of its carbon from fungi in the adult stage
(Schweiger, Bidartondo, & Gebauer, 2018). Several
authors have proposed that fungal carbon supports
belowground plant parts and orchid photosynthesis sup-
ports aboveground plant parts including fruit set
(Gonneau et al., 2014; Lallemand et al., 2019). Because of
their complex carbon balance and reliance on fungal
partners in the soil, orchids are particularly vulnerable to
changes in their environment including climate change
and herbivore pressure. Climate change could impact
both their fungal partners and pollinators, with mis-
matches in phenology becoming more likely (Robbirt,
Roberts, Hutchings, & Davy, 2014). Increases in deer
populations and wintering grounds (from changes in
snowpack) could reduce reproduction and survival
(Knapp & Wiegand, 2014). Demographic modeling pro-
vides an avenue to understand which aspects of the life
cycle most impact population growth currently and
which may be most vulnerable to future change.

We use the species pair of the round-leaved orchids,
Platanthera macrophylla and P. orbiculata, to explore
potential differences in their vulnerabilities to such
looming environmental changes. Previous work on these
orchids found critical thresholds for leaf area pertaining
to both individual life stage transitions and survival
(Cleavitt, Berry, Hautaniemi, & Fahey, 2016). Both spe-
cies are forest dwelling, terrestrial orchids endemic to
North America, and are variously listed as rare, threat-
ened, endangered, or extirpated throughout parts of their
range in Canada and the United States
(NatureServe, 2015; USDA-NRCS, 2015). Within our
study area in northeastern North America, the species
are listed as rare in four of the six New England states
(NatureServe, 2015; USDA-NRCS, 2015). Therefore,
while our study populations are not of current conserva-
tion concern in New Hampshire, this work may inform
conservation plans in nearby states. The co-occurrence of
these two species has been noted as rare (Fernald, 1950;
Reddoch & Reddoch, 1993) and our study populations
therefore offer a unique opportunity for comparison of
demography of the two species under similar habitat
conditions.

One important question is: how big an impact does
variation in key vital demographic rates, such as a loss of
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flowering adults or a reduction in juvenile recruitment,
have on population dynamics of these species? Orchid
capsules contain thousands of minute seeds such that a
limited number of fruit set may be sufficient to maintain
the population. However, given the very low rates of suc-
cess for an individual seed to germinate, establish as a
protocorm, and grow to an above ground stage, a large
number of seeds produced by a substantial number of
flowering adults may be required to sustain a population.
Here we explore how such differences in vital rates con-
tribute to population dynamics using matrix modeling
and life table response experiments (LTRE).

Matrix models have proven to be one of the most pop-
ular and effective tools in plant conservation, in that they
provide a way to translate the vital demographic rates
experienced by individual plants to the population level
for analysis (Caswell, 2001; Salguero-Gomez & De
Kroon, 2010). To facilitate comparison between the two
species, we extended the matrix analyses to include
LTRE. LTRE analyses are used to decompose treatment
effects on a dependent variable into contributions from
differences in the parameters that are used to calculate
that variable (Caswell, 2010). Such analyses are regularly
used in demographic studies of plants to assess their con-
servation status or to compare among different
populations, species, or years (e.g., Esparza-Olguin,
Valverde, & Mandujano, 2005; Jacquemyn, Brys, &
Jongejans, 2010; Jiménez-Sierra, Mandujano, & Eguiarte, 2007;
Martinez, Medina, Golubov, Montana, & Mandujano, 2010;
Raventds, Gonzilez, Mujica, & Doak, 2015; Ureta &
Martorell, 2009). For our comparative study, we utilized LTRE
analysis to calculate the differences among the two species in
population growth and decompose those differences
into contributions from each of the two species' vital
rates. Such analyses are crucial for identifying the spe-
cific demographic rates that are most responsible for
observed differences between the two species. We also
utilized LTRE analysis to examine the magnitude and
causes of interannual variation within each species.
This is important given that natural populations typi-
cally vary from year to year in their vital demographic
rates.

The objectives of this study were to fit a population
model to a 9-year set of demographic data, and to use the
model to compare the population dynamics between
the two Platanthera species in sympatric populations.
Specifically, we assessed population fitness as to whether
the orchid populations were projected to grow or to
decline; we compared the population growth rates
between the species; we examined interannual variation
in population growth for each species; and lastly, we per-
formed LTRE to identify which matrix entries, and which
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vital rates within those matrix entries, most contributed
to observed differences population growth between spe-
cies and years. Given the observed recent increase in loss
of flowering individuals to deer herbivory (2016 onward),
we were particularly interested in how much impact loss
of flowering individuals would have on the two species
demographic rates. Cleavitt et al. (2016) reported
P. orbiculata produced more flowers per spike and was
more likely to flower consecutive years than
P. macrophylla. Do these differences lead to more stable
or growing populations for P. orbiculata? Cleavitt
et al. (2016) additionally hypothesized that the under-
studied early stages, particularly belowground
protocorms, may present a bottleneck for population
growth in these two species. Here we include several
years of new data on these early life stages, protocorm
formation, and recruitment of one-leaf aboveground
juveniles, to explore this hypothesis.

2 | MATERIALS AND METHODS

2.1 | Study site

The Hubbard Brook Experimental Forest (HBEF) is
located in north-central New Hampshire, USA (43°56'N,
71°45'W; Figure 1). The forest is in a 3,160 ha valley with
overstory vegetation dominated by northern hardwoods:
sugar maple (Acer saccharum Marsh.), American beech
(Fagus grandifolia Ehrh.), and yellow birch (Betula
alleghaniensis Britt.), which comprise over 90% of the for-
est basal area, with a higher proportion of spruce-fir-
birch at the highest elevations (Van Doorn, Battles,
Fahey, Siccama, & Schwarz, 2011). The valley covers an
elevation range of 200 to 1,010 m and marked orchids

0

occur from 215 to 750 m (Figure 1). The HBEF is
mostly second-growth forest developed following horse
logging in the late 19th and early 20th century
resulting in a complex forest matrix having high struc-
tural heterogeneity. The climate is humid continental
with short, cool summers and long, cold winters.
Annual precipitation averages 140 cm; mean annual
temperature is 5.5°C; and daily temperatures average
from —8.5°C in January to 18.8°C in July
(Bailey, 2003). The soils are mainly spodosols with a
wide range of drainage -characteristics (Bailey,
Brousseau, Mcguire, & Ross, 2014).

2.2 | Species

The genus Platanthera is mainly north temperate and has
32 species in the flora of North America (Sheviak, 2003).
The genus contains many pairs of closely related species
including our study species, P. orbiculata (Pursh.) Lindl.
and P. macrophylla (Goldie) P.M. Brown. These species
are differentiated primarily based on flower morphology
and density of flowers per raceme (Cleavitt et al., 2016;
Reddoch & Reddoch, 1993; Reddoch & Reddoch, 1997).
The nectar spur and pollinarium lengths have both been
found to differ significantly between the species with
P. macrophylla having the longer lengths for both floral
parts (Reddoch & Reddoch, 1993).

Based on leaf morphology, size, and presence of an
inflorescence, Cleavitt et al. (2016) structured the orchid's
life cycle into six stages: seed, protocorm, juvenile (single
linear leaf), immature (single round leaf), vegetative
adult (two round leaves), and flowering adult (two
rounded leaves and raceme) (Figure 2). The species are
moderately long-lived perennials with a life expectancy

FIGURE 1 Marked orchids in the
Hubbard Brook valley, Woodstock, NH,
USA. Topographic contour lines are
shown in 50 m elevation intervals.
Orchids are differentiated by color: black
for Platanthera macrophylla, white for
P. orbiculata. Circles indicate orchids

i marked from 2011 to 2014 and

\ diamonds indicate orchids marked from
1060 2000 m 2015. to 201? [C.010r figure can be viewed
at wileyonlinelibrary.com]
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FIGURE 2
for Platanthera macrophylla and

Life cycle graph

P. orbiculata. Arrows indicate
possible transitions between life-
history stages and are labeled to
show their corresponding matrix
element from Equation (2a)

Protocorm Juvenile

of 10-15 years for adults that survive through all the life
stages (Cleavitt et al., 2016). Both species perennate dur-
ing winter by setting their vegetative bud and initiating
new roots for the following year by August of the current
year (Cleavitt et al., 2016, Currah, Smreciu, &
Hambleton, 1990). In our site with sympatric
populations, P. orbiculata occurs over a wider elevation
range than P. macrophylla, with the latter species occur-
ring at lower elevations on average.

2.3 | Field demography

Since the summer of 2011, all individuals of the round-
leaved orchids sighted in the HBEF have been individu-
ally marked and mapped using handheld Garmin
GPSmap 62s (Figure 1). In cases where many orchids
occur in close proximity, the location of groups was
recorded with a GPS, and individual orchids are addition-
ally mapped relative to each other within groups by com-
pass and meter tape. From 2011 to 2019, all marked
orchids were visited in May to assess their stage including
orchids that were not visible for at least 5 years following
their disappearance to check for the possible re-
emergence after dormancy. In addition, starting in 2013,
all flowering individuals were surveyed three times a sea-
son: (a) May for stage, (b) July for flower data (flower
number, number healthy, damage notes for unhealthy,
spike height, spur measurements, and flower density),
and (c) late August-early September for capsule data
(number formed, number viable, damage notes for non-
viable). Three years of field incubated seed packets
(2015-2017) with seed estimates per packet were also
conducted and evaluated (2016-2018) to allow full
parameterization of population models (Figure S1).

Ecology

Immature

Vegetative
Adult

Flowering
Adult

Specific measurements are further detailed under the
description of vital rates used in the model.

2.4 | Population projection matrix

The population model was constructed with the form
n(t+1)=An(t), (1)

where A is a population projection matrix and n(t) is a
vector with the number of individuals in each stage at
time t. The projection interval is 1 year. The elements in
matrix A include all the possible life-history stage transi-
tions: stasis (a;), growth (a;;), regression (ay;), and repro-
duction (a;s).

a1 0 O
ay ap 0 0 O

A=| 0 azp a3 aza 0 |. (2a)
0 0 43 ag ays
0 O

0 Q15

0 asy ass

The life history stage transition that corresponds with
each matrix element is illustrated in the life cycle graph
in Figure 2. Stages are defined as: (a) protocorm as a
below-ground germinant, (b) juvenile with single linear
leaf (at least 2:1 in length:width), (c) immature with sin-
gle round leaf, (d) vegetative adult with two rounded
leaves, and (e) flowering adult with two rounded leaves
and a raceme. Given that life history transitions are cal-
culated from different vital rates, matrix elements were
written as a function of the appropriate vital rates as
follows:
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o1(1—7y4) 0 0 0 pure
o1irn  02(1-73) 0 0 0
A= 0 0213 03(1—743) 0434 0 (2b)
0 0 03743 04(1 =734 —Vs4) 05Y45
0 0 0 04754 05(1—74s)

We followed the mathematical notations for vital
rates utilized by Jacquemyn et al. (2010) to model
another orchid species, which are:

o Survival
Growth
Flowers per flowering adult
Fruit set—proportion of flowers that set fruit capsules
Seed set—seeds per fruit
Germination into protocorm

Writing the matrix transitions as vital rates shows
that the growth transition (oiy;) is conditional on sur-
vival, and the stasis transition (o;( 1 —7y},; —yﬁ>) is calcu-
lated as the proportion of survivors that do not grow
to another stage. Note that in our stage-classified
model, “growth” means transitioning to another
stage, which may be positive growth to a larger stage
or negative regression to a smaller stage. Flowering
adult reproduction is calculated as the product of
flowers per flowering adult (¢), the proportion of
those flowers that set fruit (v), the number of seeds
per fruit (z), and the germination rate of those seeds
into protocorm (¢).

As noted in the species description, Cleavitt
et al. (2016) referenced six life-history stages, including a
seed stage that was distinct from the flowering adult
stage. For this model, we incorporated the seed stage as a
component in flowering adult reproduction because
keeping the seed stage as distinct would have produced
an unwanted 1-year delay in reproduction. Leaving seeds
in the life cycle for the model would imply that flowering
plants in year t produce seeds in year t + 1, which may
germinate into a protocorm in year t 4+ 2. However, for
these species, flowering plants produce seeds in year
¢t that may germinate into a protocorm in year t+ 1.
Removing the seeds stage from the life cycle more accu-
rately reflects the timing of those life cycle transitions.
Seed dormancy appears to be absent or very rare for these
species (Cleavitt et al., 2016), and therefore a seed bank
was not included in the model.

m oy < =

2.5 | Matrix parameter estimation

2.5.1 | Vital rates for above ground stages
Vital rate estimates for above-ground stages were based
on annual (post-breeding) census data of tagged individ-
uals as described above. Flowering orchids were visited
multiple times per growing season between 2011 and
2019 to record information on mortality, growth
(or regression), flowers per flowering adult, and fruit set
(fruits per flower). Survival rates for the above ground
stages (o0, s) were calculated from counts of individuals
that survived from the previous year's census to the cur-
rent year. Growth rates for above ground stages included
both positive transitions to a larger stage class (ys,,
43, and s4) and negative transitions to a smaller stage class
(734 and 45)- These rates were calculated based on observed
changes in individual plant's stage class from the previ-
ous year's census to the current. Adult plants were classi-
fied as flowering or vegetative (non-flowering), and for
flowering adults the number of flowers per plant (¢) was
recorded. Flowering adult plants were re-censused for the
proportion of flowers that set fruit (v), which was calcu-
lated as the number of fruits divided by the number of
flowers.

The number of above ground individuals per stage
class per transition year is summarized in Table S1.
Juvenile plants were much less abundant than the other
stage classes, and for the years in which there were less
than 10 individuals monitored, demographic estimates
(6, and y3,) were based on pooled data (all years
combined) for that species. Some of the demographic
results from 2011 to 2015 in this data set were reported in
Cleavitt et al. (2016). This paper incorporates those data
into the population modeling and expands the data set of
above ground vital rates for the two orchid species with
four additional years of annual census data (2016-2019).
Vital rates used to construct matrix models for both
species and each year are listed in Table S2.
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TABLE 1 Fecundity metrics for
two Platanthera species using

Ecology

P. macrophylla P. orbiculata

measurements from 2013 to 2018 Metric n Mean (1 SE) n Mean (1 SE)

(combined n = 1,048 flowering Spike height (cm) 192 38.3(0.59) 473 34.9(0.36)

individual measures) d—Flowers (#/spike) 273 135(031) 611 18.9(0.31)
Pollination (% of flowers) 167 44.9 (2.7) 387 33.5(1.5)
v—Fruit set (capsules/flower) 269  0.141 (0.015) 680  0.063 (0.005)
Viable capsules (#/spike) 182 3.7(0.4) 392 2.5(0.2)
Capsule predation (% of capsules) 115 46.5 (3.8) 241 60.5 (2.4)
7—Seeds (#/capsule) 9 2,408 (381) 14 2,061 (251)
e—Germination to protocorm (% of seed) 10 2.32(1.19) 20 0.96 (0.43)

Note: Seed counts are from capsules collected for seed packet experiments, 2015-2017. Protocorm data are
from seed packets incubated in the field. All metrics are significantly different between the two species at

p < 0.05 or lower.

2.5.2 | Seed counts and germination rates
Platanthera orchids produce large quantities of minute
seeds per capsule, making field estimates during the
annual census impractical. Data on the number of seeds
per capsule (7) were generated from select capsule sam-
pling methods as described in Cleavitt et al. (2016) over
3 years, 2015-2017, using capsules collected for germina-
tion experiments (Figure S1). In total, seed counts from
9 P. macrophylla and 14 P. orbiculata capsules were esti-
mated (Table 1). These data were used as a fixed rate for
all of the years. Rates of seed germination into protocorm
(¢) were based on germination trials using plankton net-
ting seeds packets (Figure S1) and more fully described in
Cleavitt et al. (2016) conducted from 2015 to 2018 that
included 10 replicate packets for P. macrophylla and
20 for P. orbiculata.

2.53 | Protocorm survival and growth
Estimates of protocorm survival (¢,) and growth rate
into juveniles (y,;) were inferred based on field obser-
vations of timing between adult seed production and
the emergence of juveniles. For this analysis, we only
examined data from fruiting adults that were suffi-
ciently distant from other adults that fruited during the
time we monitored (and up to a few years before) to
ensure that emerging juveniles could be reasonably
matched with specific adults. These inferences of par-
entage are reliable given that seeds tend to disperse in
the highest densities near the parent (Clark, Silman,
Kern, Macklin, & Hillerislambers, 1999). Our data set
included 47 seedlings from 25 known parents for
P. macrophylla, and 120 seedlings from 52 known par-
ents for P. orbiculata.

To estimate protocorm survival, we first estimated the
number of protocorms produced by each fruiting adult.
For this, we calculated total seed number as the product
of the number of flowers per flowering adult (¢), mean
fruit set (v), and mean seed set per capsule (z). Total
number of seeds was then multiplied by the mean germi-
nation rate (¢) from the trials described above. This pro-
vided the number of protocorms produced, and from that
we then inferred the percentage of protocorms surviving
over the observed number of years by examining juvenile
emergence as described above. This value of protocorm
survival was converted to an annual rate that was used as
the estimate for protocorm survival (o).

The final parameter for this life stage, protocorm
growth, was estimated using a geometric distribution
method, which assumes that the probability of growth is
a constant and is independent of time spent in that stage
(Caswell, 2001). Using the notation described in matrix
A (Equation (2b)), protocorm growth was estimated as
yn =T, , where T is the mean duration of the
protocorm stage, which we observed was 2.8years.
The resulting parameter estimate of 0.355 was a fixed
value that was used as the protocorm growth rate (y;) in
the models for both species.

2.6 | Matrix analyses

For each model, the asymptotic rate of population growth
(4) was calculated as the dominant eigenvalue of matrix
A. The stable stage structure and reproductive value was
calculated as the right and left eigenvectors associated
with 4, respectively. These eigenvectors were used to cal-
culate the sensitivities and elasticities (proportional sensi-
tivities) of A to changes in matrix elements (a;) of A as
described in Caswell (2001).
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The 95% confidence intervals for A were obtained by a
bootstrap procedure that resampled the original data set
in the same manner that the data were collected
(Scheiner & Gurevitch, 1993). This analysis involved cre-
ating 3,000 resampled matrices for each species and year
and then calculating A for each matrix. Non-overlapping
confidence intervals with 4 = 1.0 indicate populations
that were significantly (p < 0.05) either growing (1 > 1)
or declining (4 < 1).

Statistically significant (p < 0.05) differences in popu-
lation growth between the two species, Amac and Aopp,
were evaluated using permutation tests, which are also
called randomization tests (Caswell, 2001). These tests
utilize a null hypothesis that the life history rates for indi-
viduals are independent of which species they belong
to. By examining all possible permutations of individuals
between the two species and calculating the variance (V)
in 4 for each permutation, a distribution of V(Aperm)
under the null hypothesis is generated. If the fraction of
permutations in which V(4,erm) exceeds the observed dif-
ferences between the species is small, then the null
hypothesis that life history rates are independent of
which species individuals belong to is rejected. We had
no reason to believe that one species was growing faster
than the other and therefore chose the two-tailed test sta-
tistic 6 = (Amac — florb)z, and computed significance as

#0600 > O } +1

Pr[ezgobs |H0]: N, +1
P

; (3)

where P, is the probability that randomly generated
values of @ are larger than the observed value of 6, and #
is the number of observations for which 8% > 0. N, is
the number of permutations. Because the total number of
permutations for our data set was large, we estimated the
significance level from a random sample of 3,000 permu-
tations of the data.

2.7 | Life-table response experiments
LTRE were used to examine the contribution of matrix
entries and their constituent vital rates to the observed
variation in 1 between the two species. Variance in popu-
lation growth rate between the two species V(4s,) was
evaluated as a random-effects LTRE based on the mean
matrix A of elght annual transitions for each species
(Am>aC and Aorb). For these analyses, we followed
Caswell (2001) and constructed a contribution matrix
derived from observed variation between the two species’
matrix entries combined with their sensitivities using the
following formula:

V (sp) ZZC ij, kl)sys- (4)
ij

(l],kl) is the covariance of a 9 and oo™, Sensitivities
s;mac and skl o) were evaluated at the mean matrix of the
two species calculated as Agp) = (Aﬁlfac +A, b) /2. To
examine the effect of specific vital rates on variation in 4,
we decomposed the contributions to V(4s,) into the
lower-level parameters that constitute each matrix entry

(defined in Equation (2b)). This is written as

0l dA
Asp ZCO"(”“pf)apia_pj’ (5)

where p is a parameter vector that includes all stage-
specific rates for growth probabilities y;, survival proba-
bilities 6;, and reproductive outputs.

P=(01,02,03,64,05,71,Y2:73. V4 V5. P, 0, 7,€).  (6)

Sensitivities were evaluated by applying the chain rule
(equation 9.38 in Caswell, 2001) to the mean matrix of
the two species.

Similar analyses were conducted to examine the
effect of matrix entries and vital rates on interannual
variance in population growth rate V(/lyr) within each
species. Interannual variance V(/lyr) was evaluated as a
random-effects LTRE based on the observed year-to-year
variation from 8 years of matrix data (Ayy;...Ays) for each
species. Similar calculations using Equation (4) for matrix
entries and Equation (5) for lower level vital rates were
utilized for these analyses, with appropriate changes to
analyze the interannual variance within each species
rather than the variance between the two species.
Namely, covariance was calculated from the different
years of data for each species (a o) akfs ) and sensitivi-
ties were evaluated based on a mean matrix calculated
from the different years (N = 8) for each species,
using Ay =15 ,A0

3 | RESULTS

Over the nine study years (2011-2019), we have marked
and followed 1,168 individual orchids varying between
226 and 656 individuals in a given year (Table S1).
P. orbiculata appears to be more frequent in the Hubbard
Brook valley than P. macrophylla, hovering around a 2:1
ratio throughout the study (Table S1). Dormancy in
adults was extremely rare and only happened for 1 year.
No adult has returned after 2 years without an above-
ground presence (Table S3). For both species, the years of
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TABLE 2 Mean population
projection matrices (n = 8 transition
years), with their corresponding finite
rates of growth (1) and elasticity
matrices

Stage

Protocorm 0.011
Juvenile 0.006
Immature 0

Veg adult 0

Flw adult 0
Elasticity

Protocorm 0.001
Juvenile 0.064
Immature 0
Veg adult 0
Flw adult 0

P. orbiculata

Protocorm
Platanthera macrophylla
Average matrix (4 = 0.98, 95% CI = 0.92-1.04)

Average matrix (A = 0.94, 95% CI = 0.92-0.97)

Protocorm 0.014
Juvenile 0.008
Immature 0
Veg adult 0
Flw adult 0
Elasticity

Protocorm 0.000
Juvenile 0.030
Immature 0
Veg adult 0
Flw adult 0

Ecology

Juvenile Immature Veg adult Flw adult
0 0 0 129.394
0.311 0 0 0
0.400 0.520 0.059 0

0 0.283 0.526 0.536
0 0 0.312 0.349
0 0 0 0.064
0.029 0 0 0
0.064 0.089 0.015 0

0 0.078 0.218 0.110
0 0 0.173 0.096
0 0 0 24.245
0.307 0 0 0
0.417 0.575 0.043 0

0 0.233 0.480 0.481
0 0 0.382 0.446
0 0 0 0.030
0.015 0 0 0
0.030 0.067 0.013 0

0 0.043 0.221 0.170
0 0 0.200 0.180

Note: Matrix entries producing the largest elasticity of 4 are indicated in bold.
Abbreviations: Flw, flowering; Veg, vegetative.

highest mortality were 2012 (71 individuals), 2018 (94 individ-
uals), and 2019 (120 individuals).

Fecundity metrics varied significantly between the two
orchid species (Table 1). Although P. orbiculata produced
more flowers per spike (¢), P. macrophylla's higher rates of
pollination, fruit set (v), seeds per capsule (), and seed germi-
nation (¢), as well as, lower rates of capsule damage, all con-
tribute to higher fecundity in P. macrophylla at Hubbard
Brook. The four specific parameters used to model flowering
adult reproduction in the population matrices—¢, v, 7,
e—yielded notably higher reproductive rates (a;s) for
P. macrophylla (Table 2).

3.1 | Matrix analyses

The mean finite rate of increase (1) for P. macrophylla did
not differ significantly from the replacement rate of 1 = 1.0,
meaning that the population is projected to be stable

(Table 2). Populations of P. orbiculata were projected to
decline based on its mean matrix that produced A signifi-
cantly less than 1.0. However, permutation tests indicate that
the difference in population growth rate V(Aperm) based on
the mean matrix for the two species was not statistically sig-
nificant (p = 0.34).

Most of the life-history transitions within the mean
matrices of the two species had very similar rates, but
there were a few exceptions (Table 2). P. orbiculata had
higher transition rates from vegetative to flowering adults
and higher rates of flowering adults that remained
flowering the next year, while P. macrophylla had much
higher fecundity rates per flowering adult. Elasticity ana-
lyses of the mean matrices indicated survival and growth
transitions between the vegetative and flowering adults
contributed most to the projected population growth rate.
Collectively, the adult growth and stasis transitions con-
tributed 60% to P. macrophylla and 77% to P. orbiculata
(Table 2).
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TABLE 3 Stable stage distributions (SSD) and observed frequencies of above-ground stages for each species
Platanthera macrophylla P. orbiculata
Stage SSD Observed G? D SSD Observed G? D
Juvenile 0.224 0.073 16.55 <0.005 0.103 0.099 0.02 0.900
Immature 0.240 0.186 1.72 0.189 0.165 0.148 0.23 0.635
Vegetative adult 0.359 0.464 4.61 0.032 0.414 0.396 0.13 0.720
Flowering adult 0.177 0.278 6.12 0.013 0.318 0.357 0.68 0.409
Overall 22.78 <0.005 0.74 0.865

Note: Shown are the overall test statistic based on likelihood-ratio G test and results of post hoc exact binomial tests for each stage (Bonferroni correction

p = 0.05/4 = 0.0125).
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FIGURE 3 Finite rates of population growth (1) and 95%

confidence intervals over 8 years in Platanthera macrophylla and

P. orbiculata. Values are mean rates from bootstrapping analysis

(n = 3,000). Asterisks (*) indicate years in which population growth
differed significantly (p < 0.05) between the two species based on
permutation tests. Non-overlapping confidence intervals with the
horizontal dashed line for either species indicates significant
difference from 1 = 1.0 (replacement rate of growth)

Model-generated stable stage distributions (SSD) from
the mean transition matrices were significantly different
from the observed distributions of above ground stages
for P. macrophylla, but were very similar for P. orbiculata
(Table 3). Post hoc analyses revealed that the differences
in P. macrophylla stage distributions were driven mostly
by the juvenile and flowering adult stages. Specifically,
the model for P. macrophylla predicted a SSD with pro-
portionally fewer flowering adults and more juveniles
than were observed in our field data.

3.2 | Interannual population dynamics

Year-to-year variation in population growth ranged from
0.80 to 1.05 and was generally synchronous for the two
species (Figure 3). The finite rate of population growth
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FIGURE 4 The contributions of covariances in matrix

elements to V(1,) between Platanthera macrophylla and

P. orbiculata. Values in the diagonal are variances and values in the
off-diagonal are covariances. Letters identify the most prominent
contribution values: (a) = variance in flowering adult reproduction
(as1), (b) = covariance between flowering adult reproduction and
vegetative adult growth (ays), and (c) = covariance between
flowering adult reproduction and flowering adult stasis (ass)

for P. orbiculata was significantly below the replace-
ment rate of A = 1.0 during five of the eight transition
years, whereas P. macrophylla differed from the
replacement rate only twice. While rates for
P. orbiculata were almost always lower than for
P. macrophylla (just one exception), permutation tests
examining variation between the two species (V(Aperm))
revealed that population growth was significantly dif-
ferent during only one of the years.

3.3 | LTRE—Species comparison

Results from the LTRE examining the contribution of
each life stage transition's variance to the overall variance
in population growth rate between the two species rev-
ealed that much of V(4s,) was due to variance associated
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vital rates to V(4,) between Platanthera macrophylla and

P. orbiculata. Values in the diagonal are variances and values in the
off-diagonal are covariances. Letters identify the most prominent
contribution values: (a) = variance in germination into protocorm
(&), (b) = covariance between germination into protocorm and
proportion of flowers that set fruit (v), and (c) = variance in
proportion of flowers that set fruit

with the flowering adult reproduction stage (Figure 4).
Variance in this stage produced the largest single contri-
bution. A negative covariance between flowering adult
reproduction with both vegetative adult growth and
flowering adult stasis produced the next two largest
contributions.

Decomposition of the differences in population
growth rate between the two species into contributions
by lower-level vital rates revealed that, within the
flowering adult reproduction stage, differences in the spe-
cific vital rates of fruit set and seed germination contrib-
uted most to V(4sy,) (Figure 5). Just those three
contribution values alone—the variances in the two vital
rates along with the positive covariance between the two
rates—contributed to the majority of variance in Agp.

3.4 | LTRE—Interannual population
dynamics

For both species, the transition of vegetative adult growth
into flowering adults contributed the most to their
respective interannual variation in population growth
rates (Figure 6). Other important contributions to V(4y,)
for P. macrophylla were variances in flowering adult
reproduction and vegetative adult stasis, and a negative
covariance between vegetative adult stasis and growth.
Flowering adult reproduction contributed much less to V'
(4yy) for P. orbiculata, but the species experienced a simi-
lar trade-off as P. macrophylla between vegetative adult
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FIGURE 6 The contributions of interannual covariances in

matrix elements to V(Ayca,) for Platanthera macrophylla (top) and
P. orbiculata (bottom). Values in the diagonal are variances and
values in the off-diagonal are covariances. Letters identify the most
prominent contribution values: (a) = variance in vegetative adult
growth (ays), (b) = variance in flowering adult reproduction (as,),
(c) = covariance between vegetative adult stasis (a44) and growth,
(d) = variance in vegetative adult stasis, (¢) = covariance between
vegetative adult growth and flowering adult stasis (ass),

(f) = variance in flowering adult stasis

stasis and growth. For P. orbiculata, interannual differ-
ences in flowering adult stasis, and the positive covari-
ance between flowering adult stasis and vegetative adult
growth, were more important than for P. macrophylla.
Several differences between the two orchids were
observed in the contributions of the lower-level vital rates
that compose each stage transition to the interannual
variation in population growth rates for each species
(Figure 7). Variance in the reproductive measure fruit set
contributed by far the most to V(4y,) for P. macrophylla,
but much less for P. orbiculata. Negative covariances
between fruit set and both juvenile survival and vegeta-
tive adult survival were also notable for P. macrophylla,
but not P. orbiculata. For P. orbiculata it was interannual
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FIGURE 7 The contributions of interannual covariances in

vital rates to V(Aycar) for Platanthera macrophylla (top) and

P. orbiculata (bottom). Values in the diagonal are variances and
values in the off-diagonal are covariances. Letters identify the most
prominent contribution values: (a) = variance in fruit set (),

(b) = variance in vegetative adult survival (,), (c) = variance in
flowering adult survival (), (d) = covariance in fruit set and
juvenile survival (o;), (e) = covariance in fruit set and vegetative
adult survival, (f) = covariance between vegetative and flowering
adult survival

differences in survival rates of the two adult stages, and
the positive covariance between those two rates, that con-
tributed most to V(Ay,).

4 | DISCUSSION

Understanding the demographic limitations of co-
occurring orchid species where they are common can aid
in their conservation in areas of the range where they are
in decline (Brundrett, 2019). We hypothesized a key dif-
ference between the study species would be the greater
flowering of P. orbiculata, which we expected to result in

a more stable or growing population for this species. To
our surprise, the higher fecundity of P. macrophylla due
to higher rates of fruit set, seed set, and germination
appeared to more than compensate for the potential
reproductive benefits of higher transition rates between
vegetative and flowering adults and greater number of
adults that remain flowering in P. orbiculata. Instead of
an obvious advantage, the differences between the spe-
cies may highlight different reproductive strategies. This
suggests a focus area for future research efforts.

The evolving picture of the two species is one of more
specialization in habitat and perhaps pollination for
P. macrophylla and more generalization for both aspects
in P. orbiculata. This would agree with previous work in
the genus showing that species with longer spurs,
P. macrophylla in this case, have many fewer and usually
one large moth pollinator (Catling & Catling, 1991). Dif-
ferences in their pollination biology have been little
explored, with sphinx moths as suggested pollinators for
P. macrophylla and looper moths as pollinators for
P. orbiculata (Argue, 2011). At Hubbard Brook,
P. orbiculata was visited by a range of generalist pollina-
tors including daytime documentation of ruby-throated
hummingbird, lesser carpenter bee, and geranium plume
moth (Bergum, Cleavitt, & Matthews, 2018). However,
the effectiveness of these pollinators in pollen transfer is
unknown. The reproductive differences documented here
may be related to specialist (and more efficient) pollina-
tion in P. macrophylla versus generalist pollination in
P. orbiculata. The idea that P. macrophylla could have a
more specialist pollinator relationship is supported by
two results here: higher pollination efficiency producing
increased fruit set and greater interannual variability.
Specialist pollinator relationships have trade-offs of more
efficient pollen transfer, but greater susceptibility to any
factors impacting the specialist insect creating good polli-
nation years when insect and plant phenology and abun-
dance aligns and bad years when they do not
(Brundrett, 2019; Harder & Johnson, 2008).

Our second hypothesis pertained to limitation of the
orchids during the initial belowground stage as
protocorms as a suspected bottleneck to population
growth. This hypothesis also appeared more complicated
with greater application to P. macrophylla than
P. orbiculata. The elasticity analyses indicated that the
population growth rate for both orchids was most sensi-
tive to changes in adult life history transitions and least
sensitive to changes in fecundity and recruitment of
protocorms and juveniles. However, a notable difference
from the elasticity results above was the finding that
P. macrophylla fecundity transition (flowering adult to
protocorm) had the second-largest LTRE contribution
value after the vegetative to flowering adult transition. To
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explain this difference, in which LTRE analysis ranked
the contribution of the fecundity transition more highly
than in the elasticity analysis, it is necessary to keep in
mind the distinction between elasticity and LTRE ana-
lyses. Elasticity is a type of perturbation analysis that
examines how much population growth would change if
matrix entries were changed, whereas LTRE analysis
examines how much 4 did change based on the observed
variation in the matrix entries (Caswell, 2001; Esparza-
Olguin et al., 2005; Horvitz, Schemske, & Caswell, 1997;
Jongejans & De Kroon, 2005). What this means for our
analyses is that although the fecundity transition from
seed to protocorm had a low elasticity, the year-to-year
variation in that rate for P. macrophylla was sufficiently
large as to contribute substantially to the interannual var-
iation in population growth rate. This makes sense math-
ematically given that contribution values are calculated
as a function of both a given transition element's sensitiv-
ity and its covariance (Caswell, 2001). Even with a rela-
tively small sensitivity, the fecundity transition may
produce a large contribution value so long as its variance
were sufficiently large, which is the case for
P. macrophylla. Therefore, a bottleneck in the recruit-
ment into the underground protocorm stage seems most
possible for P. macrophylla.

4.1 | Population projections

Projected population growth rates did not differ signifi-
cantly between the two species, both of which had finite
rates of increase just below the replacement rate of
1. Our finding of growth rates near stasis, or slightly
below, for these two Platanthera orchids appears to be
typical for terrestrial orchids based on a recent review by
Shefferson, Jacquemyn, Kull, and Hutchings (2020) that
reported a mean population growth rate of 0.983 from a
data set of 180 populations of 73 species. Although we
found no significant difference between the two species,
the average projected rate of growth for P. orbiculata was
sufficiently lower than for P. macrophylla so as to be sig-
nificantly less than the replacement rate (A = 1). The
average projection of approximately a 6% annual popula-
tion decline for P. orbiculata was reflected in a pattern of
interannual variation where most years were in popula-
tion decline, a few were at stasis, and none were posi-
tively growing (i.e., 4 significantly greater than 1).
Although the population status of P. macrophylla
appeared somewhat more optimistic, in that its pattern of
interannual variation showed a population at stasis for
most years, it was notable that even the species best years
failed to produce growth that was significantly greater
than the replacement rate. Such a pattern suggests that
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P. macrophylla may persist so long as conditions remain
the same; however, the species may be unable to recover
from disturbances by significantly increasing population
growth.

Our elasticity analysis indicates that both species
would be very sensitive to changes in adult transition
rates, but especially P. orbiculata in which adult transi-
tions contributed to over three-quarters of the total elas-
ticity. These results are consistent with Silvertown,
Franco, Pisanty, and Mendoza (1993) that observed that
population growth in iteroparous forest herbs was char-
acterized by a notably low fecundity elasticity. They also
support the observation that long-lived perennial plants
are generally more sensitive to survival than reproductive
rates (Burns et al., 2010; Franco & Silvertown, 2004).

As with all models, these projections come with the
caveat that they are not necessarily forecasts of what will
happen, but rather projections of what would happen if
current conditions are maintained. Nevertheless, there
are good reasons to trust the reliability of these models.
The transition matrices were parameterized with a robust
set of data that spanned nearly a decade and were based
on a very large sample of over 1,000 orchids. The accu-
racy of projections for P. orbiculata was also supported by
the fact that the observed population structure very
closely matched the model's projected SSD. As reviewed
by Williams, Ellis, Bricker, Brodie, and Parsons (2011),
one can expect a population to behave more similarly to
its asymptotic dynamics if it is close to its asymptotic
SSD. SSD for P. macrophylla less closely matched
observed stage distributions, which may mean that near-
term transient dynamics will be different from the
asymptotic population projections and should be inter-
preted with caution (Caswell, 2007; Williams et al., 2011).
In addition, the under-representation of P. macrophylla
juveniles in our database suggests we are either missing
more individuals and/or that they have higher mortality
than for P. orbiculata. In particular, the plankton netting
of the seed packets may protect the protocorms from
mortality that they experience normally. Another possi-
bility given the slightly higher tendency for
P. macrophylla to skip life stages (Table S3), would be
that some individuals first appear as stage 2 with one-
round leaf and skip the juvenile (one linear leaf) stage all
together. Further investigation of protocorm and juvenile
stage transitions for P. macrophylla will be a future
research priority.

4.2 | LTRE—Species comparison

Life-table response experiments comparing the mean
transition matrices for the two orchids reveal that
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differences in fecundity (flowering adult to protocorm
transition) most contributed to the difference in popula-
tion growth between the two species. The importance of
this stage transition is consistent with the fact that the
fecundity transition for P. macrophylla was more than
five times greater than for P. orbiculata. More specifically,
this difference in fecundity was driven almost entirely by
variation between the two orchids in the vital rates of
fruit set and seed germination into protocorm (and the
positive covariance between those). To underscore this
difference, the greater fecundity of P. macrophylla is
apparent in a number of other metrics summarized in
the fecundity results (Table 1): taller flowering spikes,
greater fruit set that develops into more viable capsules,
lower capsule predation, and most significantly, much
greater rates of seed germination into protocorms.

This finding that P. macrophylla's greater fecundity is
most responsible for the species improved population
growth rate is interesting given that, at first glance,
P. orbiculata appeared to have the key demographic
advantages in terms of greater rates of vegetative adults
growing to flowering adults and lower rates of flowering
adults regressing to vegetative adults. This difference
manifests in the contributions as negative covariances
between the two vegetative-flowering adult transitions
(growth and regression) and fecundity. And while these
differences did contribute to variation in the population
growth rates between the two orchids, the effect was
many times smaller than the impact of fecundity values.
In other words, the population growth rate of
P. orbiculata is lower because its modest benefit of having
improved adult transition rates is dwarfed by the much
greater demographic advantage of P. macrophylla in
terms of fecundity. This again supports the observations
discussed above that fecundity measures have been
undervalued relative to adult transitions in driving the
population dynamics of long-lived perennial plants
(Clark, Poulsen, Levey, & Osenberg, 2007; Jacquemyn
et al., 2010; Poulsen, Osenberg, Clark, Levey, &
Bolker, 2007) and the relative importance of these mea-
sures may correspond to real differences in reproduction
strategies.

4.3 | LTRE—Interannual variation

Population projections for transition years from 2011 to
2019 reveal a dynamic pattern of interannual variation
that is generally synchronous for the two species. This
raises the question as to what is driving the observed
year-to-year variation in these orchids. Consistent with
elasticity results showing the importance of adult life-
stage transitions, contributions of matrix elements to

interannual variation in population growth for both spe-
cies were largely driven by year-to-year variation in adult
transition rates, particularly with respect to flowering
and reproduction. The highest contributions to inter-
annual variation all came from matrix elements associ-
ated with either flowering or reproduction: vegetative to
flowering adult growth (both species), flowering adult
fecundity (P. macrophylla), and flowering adult stasis and
its positive covariance with vegetative adult growth
(P. orbiculata). Two observed events contributed to the
interannual variation: (a) an extreme mortality event
seemingly related to a fungal pathogen in early spring of
2012, and (b) increased loss of adults, particularly
flowering adults to herbivory by white-tailed deer in 2016
to the present. The middle years of the study (2014-2016)
appear to represent the most stable period after recovery
from the 2012 mortality and prior to increased mortality
from deer herbivory (Figure 3).

Extending the LTRE analysis of both orchids by
decomposing the life history transitions into contribution
values for each vital rate provided more precision as to
what was driving the observed interannual variation. For
both orchids it was adult survival, more so than growth
(or regression), that contributed most to interannual vari-
ation in population growth rates. Within the fecundity
transition it was variation in fruit set rather than flower
number that contributed the most. Variation in fruit set
appears to be a particularly important determinant of
population growth for P. macrophylla, as fruit set had the
highest contribution value of any of the vital rates. Inter-
estingly for P. macrophylla, we observed a negative
covariance between fruit set and survival rates for
juveniles and vegetative adults, suggesting that years with
environmental conditions that are most favorable for
pollination and fruit set are difficult for those other stages
in the life cycle. More years of demographic data will
help resolve whether this relationship is spurious or
meaningful. The two lowest years of fruit set, 2012 and
2017, for P. macrophylla were associated with the
increased mortality by fungal pathogen in 2012 and by
deer herbivory in 2017, but how these events might relate
to juvenile and vegetative adult survival is not clear.

As mentioned above, identifying that the survival of
adults most impacts the interannual population dynamics
of these orchids was perhaps to be expected, given that
they are relatively long-lived iteroparous forest herbs.
What was unexpected was the relative importance of
fecundity, namely fruit set, in driving the population
dynamics of these two orchids. Despite the clear impor-
tance of the adult stages of perennial plants, evidence is
accumulating that seed production and seedling recruit-
ment play a more important role than previous thought
in these plant populations. Meta-analyses by Clark
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et al. (2007) and Poulsen et al. (2007) documented that
most plant populations, including long-lived perennials,
are seed limited by showing that seedling recruitment
nearly always increases with a supplemental addition of
seeds. An example most similar to our study was docu-
mented in Jacquemyn et al. (2010) that showed seed limi-
tation restricting population growth in the terrestrial
woodland orchid Orchis pupurea. Our finding of the rela-
tive importance of fruit set in driving year-to-year popula-
tion dynamics in P. macrophylla and P. orbiculata is
consistent with these seed limitation studies, and it pro-
vides a warning of the negative population impacts that
could come from disturbances to the orchid's flowering
and fruiting stages (e.g., deer herbivory on
flowering spikes discussed in Section 4.4).

44 | Conservation implications and
future research

Based on an initial examination of elasticities and contri-
bution values from LTRE analyses, it would appear that
conservation efforts should focus on the survival of adult
orchids. While an increase in adult survival would help
ensure population persistence by keeping growth near
the replacement rate of A = 1, there are reasons why this
stage transition might not be the most important focus
for conservation. First, the mortality of adult stages is
already quite low for both species (mean matrices
range = 7-12%), leaving little room for potential
improvement in those rates. Second, annual adult mortal-
ity rates are mostly consistent from year-to-year, which
suggests that they are fairly insensitive to environmental
changes, and presumably would be insensitive to conser-
vation efforts to improve those rates. This recommenda-
tion is not to suggest that adult survival is unimportant; a
reduction in those rates would certainly have a signifi-
cant negative impact on population growth. Rather, it is
a recognition that those rates are currently healthy and
stable, and not a likely conservation priority.

Adult fecundity parameters appear to be a more use-
ful stage to focus attention. Although the elasticity values
for fecundity were relatively low, the very large variation
observed in fecundity values resulted in contribution
values that accounted for a large portion of the variance
in population growth rates. This was particularly the case
where variation in fruit set was a lead driver of inter-
annual variation for P. macrophylla, and seed germina-
tion was a lead driver of variation between the two
orchid species.

This observation that a life-history stage transition
with low elasticity could still be an important driver of
population dynamics illustrates the need to take care
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when interpreting elasticities for conservation applica-
tions. Elasticities indicate the relative sensitivity of popu-
lation growth to small changes in a particular life history
transition, but they do not indicate how sensitive a life
history transition is to environmental perturbation
(Silvertown, Franco, & Menges, 1996). Therefore, a life
history transition that has a small elasticity, but has a
very large amount of variation, may have a greater poten-
tial effect on population growth than a life history transi-
tion with a large elasticity, but a relatively small range of
variation. This appears to be the current dynamic with
these orchids, where the larger magnitude of variation in
the fecundity parameters produced a bigger impact on
population growth than the more consistent adult sur-
vival, which had a much larger elasticity.

Given the important role of fecundity in the popula-
tion dynamics of these orchids, any environmental
changes or disturbances that impact seed production or
seedling recruitment will inordinately impact their
populations. Predicted decreases in winter snowpack
could be a double-edged sword by extending the winter
range and seasonal foraging range of white-tailed deer
and by potentially decreasing the survival of seedlings in
the organic layer of the soil which would freeze more
often (Groffman et al., 2012). Seedling recruitment
remains a difficult and understudied aspect of orchid
biology (Rasmussen & Whigham, 1998; Shefferson
et al., 2020). Although seed packets can provide germina-
tion rates, we are still struggling for a method that allows
the germinants to develop fully to above ground individ-
uals in the field, a process that we estimate takes 3-
4 years in these round-leaved orchids. Future research
will focus on the impact of white-tailed deer herbivory in
our populations with some caging of flowering adults
and snowpack manipulation over seed packets. Given the
significant inverse relationship between deer abundance
and orchid numbers documented in a decades-long study
by Knapp and Wiegand (2014), we anticipate significant
negative effects of the increased deer activity on the
orchids at HBEF. We also seek to explore the pollination
biology of these orchids to test the hypothesis put forth
here that P. macrophylla is more specialized than
P. orbiculata, which would make the former species more
vulnerable to pollinator disruption from climate change.
The risk of climate-induced asynchrony between
flowering and pollinator flight phenology is greater for
specialist orchids in that they attract a much more nar-
row range of pollinators (e.g., Robbirt et al., 2014).
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