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Botany

Abstract. Terrestrial orchids are especially susceptible to population declines and hence are the
focus of plant conservation efforts worldwide, but the life history and demography of
heterotrophic orchids is not well understood. Our objective was to quantify life stage transition
rates for a species pair of rare round-leaved orchids (Platanthera spp.) in a northern hardwood
forest. Marked individuals were measured over five years, including: leaf area, damage by
herbivores and pathogens, flowering and seed production. Germination trials were also
conducted. Vital rates were very similar for the two species, which were about equally abundant
despite large differences in seed production. Mortality was twice as high for juvenile as for adult
stages and juvenile abundance was markedly lower than for adults. Both species are vulnerable
to leaf damage by invertebrates and fungi and exhibit clear leaf area thresholds for progression
across life stages, both suggesting a delicate carbon balance for these mixotrophic orchids. The
likely role of mycosymbiont distribution in facilitating seedling establishment deserves further
detailed study to inform conservation efforts as these and other orchid species face an uncertain
future owing to rapid environmental change and increasing pressure from white-tailed deer

herbivory in the northern part of their range.
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Introduction

Orchids are the focus of plant conservation efforts worldwide because they are highly susceptible
to population declines owing largely to their complex interactions with other organisms (Fay et
al. 2015). In northeastern North America, the sensitivity of terrestrial orchids results from their
close associations with different fungi in various life stages (Zelmer et al. 1996; Rasmussen et al.
2015) and their susceptibility to targeted herbivory by growing populations of white-tailed deer
(Knapp and Wiegand 2014). Despite documented decline in orchids in northeastern North
America (e.g., Reddoch and Reddoch 2007; Bertin 2013; Knapp and Wiegand 2014) and general
interest in orchids for conservation, large gaps in our understanding of orchid life history and

demography remain for the majority of species in North America (Reddoch and Reddoch 2007).

The species pair of round-leaved orchids, Platanthera orbiculata (Pursh.) Lindl. and P.
macrophylla (Goldie) P.M. Brown, is emblematic. Both species are heterotrophic, terrestrial
orchids endemic to North America, and both are listed as rare in four of the six New England
states: Vermont (S2), Massachusetts (S1S2), Connecticut (SH) and Rhode Island (SH) (Nature
Serve 2015; USDA, NRCS 2015). Additionally, P. macrophylla is listed as endangered or
threatened at the northern extent of its range in five Canadian provinces and at its southern extent
in Pennsylvania. Platanthera orbiculata has a broader range than P. macrophylla (Sheviak
2003) and is also listed as extirpated, endangered or threatened in New Jersey, Illinois,
Wyoming, Indiana, and Tennessee, but has yet to be ranked in the majority of its range (Nature
Serve 2015; USDA, NRCS 2015). We use this species pair to inform conservation of these

orchids in the Northeast.
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Much of the published data on these two orchids comes from the work of Reddoch and Reddoch
(1993, 1997) who differentiated the species pair primarily on the basis of flower morphology.
They also published the only data on the life history of these orchids: based on five plants of P.
orbiculata, the young single-leaf stage was followed by a two-leaf stage and finally flowering
individuals (Reddoch and Reddoch 1997). In addition, they found that individuals of P.
orbiculata may live up to at least 15 years and flower repeatedly during this time. Unforunately,
the population of P. orbiculata studied by these authors was extirpated by deer browsing
pressure (J. Reddoch, pers. comm.). Similar observations for the generally rarer, P.
macrophylla, are lacking (Reddoch and Reddoch 1997) and the illusive underground protocorm

stage has not been previously studied for either species in situ.

Differences in recovery of showy lady's slippers (Cypripedium reginae Walter) after moderate
(< 50%) and severe herbivory (>65%) by white-tailed deer (Gregg 2004) suggests that there may
be thresholds for herbivory effects in terrestrial orchids. Such sensitivity to herbivory likely
reflects the intricate carbon balance, as an increasing number of terrestrial orchids are now
recognized to employ mixotrophic carbon acquisition with dependence upon mycosymbionts
(Bellino et al. 2014; Gonneau et al. 2014; Yagame et al. 2012). To address concerns about the
effects of herbivory on these species, data are needed on thresholds for leaf damage and the

relationship between leaf damage and vital rates.

The objective of the present study was to contribute to understanding of the demography of these

threatened, co-occurring heterotrophic orchids and thereby to more generally inform

conservation efforts for heterotrophic terrestrial orchids. We delineated the life stages and
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quantified the transition rates and flowering and fruiting based on five years of measurements of
marked individuals in a northern hardwood forest, New Hampshire (Fig. 1). We evaluated the
principal threats from herbivores and pathogens and the responses of the plants to leaf damage.
At this study site the two species co-occur in similar abundance, and we sought evidence of
demographic factors accounting for this general observation. We hypothesized that survival and
growth of individuals would be similar for the two species as Franco and Silvertown (2004)
showed that these demographic factors were more important than fecundity in controlling
population growth in iteroparous forest herbs. However, we anticipated further complexities

associated with the likely mixotrophic life history of these plants.

Methods

Study site. The Hubbard Brook Experimental Forest (HBEF) is located in north-central New
Hampshire, USA (43° 56' N, 71°45' W) (Fig. 1). Detailed descriptions of climate, hydrology,
topography, and vegetation of the HBEF are presented in Likens and Bormann (1995). Soils are
predominantly well-drained acid Spodosols (Haplorthods) of sandy-loam texture formed from
glacial till. Soils generally decline in thickness with increasing elevation (Johnson et al. 2000),
but considerable variation in soil properties is associated with till characteristics, topographic
position and internal drainage (Bailey et al. 2014). The forest is in a 3160 ha valley with
overstory vegetation dominated by northern hardwoods: sugar maple (4cer saccharum Marsh.,
American beech (Fagus grandifolia Ehrh.), and yellow birch (Betula alleghaniensis Britt.),
which comprise over 90% of the forest basal area (van Doorn et al. 2011). The valley covers an

elevation range of 200 to 1010m. The HBEF is mostly second-growth forest developed following
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logging in the late 19™ and early 20™ century with most of the forest currently about 100 years

old.

Marked individuals. Beginning in the summer of 2011, all individuals of the round-leaved
orchids sighted in the HBEF have been marked and mapped. The number of individuals of each
species in the sample has been similar over time (Table 1). Individuals were marked with a
bright pink PVC flag and given a unique number. The location of groups of orchids were
recorded in a GPS data base gathered using handheld Garmin GPSmap 62s (Fig. 1). Individual
orchids are additionally mapped relative to each other within groups by compass and meter tape.
Orchids were visited three times a season from 2011 to 2015 for flowering individuals (early
spring, July for flower data, late August-early Sept for capsule data) and at least once a season
for non-flowering individuals to record life stage and leaf data. From 2011 to 2014, leaf area
was estimated for all marked individuals by measuring the length and width of the leaves and
calculating an elliptic area (cm?). For previously marked individuals, these measurements were
taken in early July, while newly marked individuals were assessed at the time of their marking.
The percent of leaf damaged was estimated visually and the cause of the damage was also
recorded at all visits. Flower measurements and seed capsule data were collected from 2013 to

2015.

Seed germination trials were conducted for each species beginning in autumn 2013. Capsules
were collected on 25-27 Sept and placed in 5 X 5 cm packets made from 53 pm plankton netting
with three replicate packets per species. One capsule was placed in each packet, and capsules

were broken open after the packets were sewn shut. Packets were incubated in the field under
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the leaves of mature orchids in Hubbard Brook starting on 9 Oct 2013. Germination packets were
evaluated in the field with 10-20 X handlens and grid on 25 June 2014. Photographs of
germinated seedlings were taken under the compound scope from one packet per species. In
2015, we conducted seed dilutions to estimate the number of seeds per capsule and to create
replicate seed packets with a better estimate of seed number. We use these estimates of seeds per
capsule with the germination counts from 2014 to obtain a preliminary estimate of germination

percentage for the two species.

Statistical analyses. Due to the unequal sample sizes between taxa, years, life stages and
transitions, continuous variables such as leaf area and percent of leaf area damaged were
compared by non-parametric (ranks) tests. Categorical response variables such as transition
classes and damage agents were compared by likelihood-ratio G” tests. Analyses were
performed in JMP Pro version 10 (SAS Institute 2012) and MINITAB® Release 14.1 (MINITAB

2003).

Life expectancy values for each species were estimated by calculating the fundamental matrix
from the 4x4 transition matrix (appendix Fig. A1) that was composed of the life history
transitions for the four orchid life-history stages: Juvenile, Immature, Vegetative adult, and
Flowering adult. The fundamental matrix indicates the average amount of time individuals of
each life history stage spend in the stage (Caswell, 2001). Age at death (life expectancy) for a
given life history stage was calculated as the sum of its column in the fundamental matrix. Age
at death for survivors through all the stage classes was calculated as the sum of the diagonal

elements in the fundamental matrix. To calculate the average age at death with confidence
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intervals we used bootstrap analysis to generate 3,000 resamples. For each iteration, a new
transition matrix was produced by resampling with replacement the original demographic data.
Life expectancy values were calculated from the fundamental matrix produced by each new
resampled transition matrix. Confidence intervals were obtained from the resamples using the
nonparametric ‘‘Percentile Method’’ (Scheiner and Gurevitch 1993). Ninety-five percent
confidence intervals are reported in the Results, and for statistical comparisons we used adjusted
confidence intervals reported in Payton et al. (2003). These adjusted confidence intervals were
based on a ratio of standard errors of 2, which corresponds to 85.6% confidence levels for
individual intervals. We used these intervals because their values have been shown to better
approximate an o = 0.05 test than non-overlapping 95% confidence intervals, which creates
overly conservative comparisons (Payton et al. 2003). Age-specific survivorship for individuals
in each stage were calculated from the transition matrix using equation 5.13 in Caswell (2001).
Bootstrapping and survivorship calculations were performed using MATLAB R2015a

(Mathworks 2015).

Results

Life stages and fecundity. Both Platanthera macrophylla and P. orbiculata progress through
five life stages: 1) underground germinant / protocorm, 2) above ground juvenile with a single
linear leaf (at least 2:1 in length:width), 3) an immature stage with single round leaf, 4)
vegetative adult with two rounded leaves and 5) flowering adult with two rounded basal leaves

and a raceme (Fig. 2).
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For the four stages with aboveground leaves, leaf sizes differed significantly among stages (X =
459; df = 3; p <0.0001) with marked increases in mean leaf area (Fig. 3). There were no
significant differences in leaf area between years (X?=1.53; df = 3; n.s.) or species (X*=0.50;

df=1;n.s.).

Although there was some year-to-year variation in vital rates (appendix Fig. A2), the smaller
stages of Juvenile and Immature plants had mortality rates that were approximately double those
of adults for both P. macrophylla (20.8% v. 12.8%; G2=3.68; df=1; P=0.055) and P. orbiculata
(22.1% v. 9.4%; G*=8.27; df=1; P<0.005) (Fig. 4). Vital rates between the two species were
very similar, with the exception of greater stasis among flowering P. orbiculata, indicating that
this species was more likely to flower in successive years (Fig. 4). This difference was also
reflected in a significantly higher proportion of P. orbiculata adults initiating an inflorescence,
although the proportion of adults successfully completing flowering was not different between
the two species (Table 2). Flowering adults of P. orbiculata produced significantly more
flowers per plant, but this difference did not lead to significantly more swollen ovaries (evidence

of successful pollination) or fruits per flowering plant (Table 2).

A preliminary sampling of three seed capsules per species indicated that the seed capsule volume
(mean; range) for P. macrophylla (1,716 mm?; 1,115 - 2,729 mm?) was much great than for P.
orbiculata (639 mm?; 498 - 918 mm?). Despite this size difference, the mean number of seeds
per capsule (mean; range) for P. macrophylla (2,539; 1,710 - 3,927) was similar to P. orbiculata

(2,223; 2,120 - 2,325). Based on limited sample sizes (N = 3, per species), germination
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percentages were nearly identical between the species (mean + SE), P. macrophylla (48 = 8%)

and P. orbiculata (48 £ 9%)).

Life expectancy and survivorship. The mean age at death (life expectancy) for newly established
Juveniles (mean; 95% CI) was lower for P. macrophylla (5.59; 3.88 - 7.62) than for P.
orbiculata (6.09; 4.20 - 8.75), a difference that was not statistically significant based on the
criterion of non-overlapping 85.6% confidence intervals, which approximates o = 0.05 test for
this analysis (see Methods). Similarly, the life expectancy of adults who survived through all the
stages (mean; 95% CI) was lower for P. macrophylla (11.42; 9.64 - 13.82) than for P. orbiculata
(12.80; 10.43 - 15.99), a difference that was also not statistically significant. The survivorship
curve for Juveniles was nearly identical for the two species and revealed that although most
individuals die within the first 10 years, a small fraction of adults (3-5%) may live for 20 years
or more (Fig. 5). The average time spent in each life history stage for surviving individuals was
the same for both species, with the exception that P. orbiculata spends greater time in the adult

stage before death, which accounts for the difference in life expectancy described above.

Leaf damage. Leaf damage (% of leaf area) did not differ significantly between species (X* =
3.66; df = 1; p = 0.06). Leaf damage did vary significantly among transition classes (X* = 49.6;
df =4; p <0.001), years (X* = 70.9; df = 2; p < 0.001), and life stages (X* = 11.8; df=3;p =
0.008) (Fig. 6). Orchids that died had significantly higher leaf damage in the preceding growing
season (> 25% of the leaf area damaged; Fig. 6). Additionally, orchids that regressed (went to
demographically earlier stage) had greater leaf damage in the preceding season (>15%) than

those that maintained stasis (remained in the same stage) or grew (progressed to the next
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demographic stage)(<15%; Fig. 6). Leaf damage was greater in 2012 than in the following two
years for both species. Higher leaf damage was generally observed for the immature and
vegetative adults than for the juveniles or flowering adults, but the differences in sample sizes
precluded detection of these differences; only the differences between adults (less damage for

flowering than vegetative) was statistically significant (i.e., p < 0.05; appendix Fig. A3).

The agents of leaf damage varied significantly in frequency and impact (Fig. 7). Gastropod (slug
and snail) herbivory was scored on 58% of the orchids, but only affected about 12% of the leaf
area on average (median of 5%; Fig. 7). In contrast, fungal damage only occurred on 12% of the
orchids, but affected about 50% of the leaf area for infected individuals (Fig. 7). Additionally,
across years slug herbivory was a constant presence, while fungal attack was significantly higher

in 2012 (appendix Table Al).

Discussion

Species comparisons. We observed that these two co-occurring and closely related species of
orchid exhibit very similar vegetative features including leaf size, susceptibility to leaf damage,
damage agents and the effect of leaf damage on vital rates. This result confirms earlier work of
Reddoch and Reddoch (1993, 1997) from southern Canada. However, the species differ in
several parameters relating to flowering adults and fecundity. The more widespread Platanthera
orbiculata produces more flowers per raceme resulting in greater flower density and is more
likely to remain a flowering individual for several consecutive years leading to a significantly
greater proportion of flowering individuals compared to the more narrowly distributed P.

macrophylla. This greater proportion of flowering individuals for P. orbiculata, combined with
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comparable (or even slightly greater) fruit production per flowering plant, means that P.

orbiculata populations produce substantially more seed capsules than P. macrophylla.

Given the greater seed production of P. orbiculata, one might expect this species to be more
abundant in our study area than its congener P. macrophylla, yet we have encountered nearly the
same number of individuals for both species during the five years of our study (Table 1). One
possible explanation is that greater seed production does not significantly increase population
size because fecundity has much less impact on the population growth than other life-history
characteristics such as juvenile growth or adult survival. This explanation is consistent with a
comparative demography study by Franco and Silvertown (2004), which showed that population
growth among iteroparous forest herbs was much more sensitive to changes in survival and
growth than to changes in fecundity. That is not to say that fecundity is unimportant - fecundity
contributes as much as 20-30% to changes in population growth in moderately long-lived plants
(Franco and Silvertown 2004) such as P. macrophylla and P. orbiculata - it is just that fecundity
has much less of a population impact than growth and survival. Indeed, quantification of the
protocorm transition stage appears most critical to complete the life table and quantitatively

model the population demography of these orchids.

Another possible explanation for the similarity in abundance of the two species despite the
greater fecundity of P. orbiculata is that establishment in the two species is determined by
something other than seed dispersal, such as the distribution and abundance of compatible fungal
mycorrhizal partners. As obligate mycoheterotrophs, these orchids depend completely on

resources from fungi to grow until they develop into an aboveground photosynthetic stage
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(McCormick et al. 2012); based on our germination trials these species persist in the protocorm
stage for several years (see below). Given this level of dependence on mycorrhizae for seedling
recruitment, the distribution and abundance of compatible mycorrhizae probably plays an
important role (perhaps the most important role) in determining the distribution and abundance

of P. macrophylla and P. orbiculata orchids across the landscape.

Life stages. Our life stage delineations bear several similarities to those by Reddoch and
Reddoch (2007) for Platanthera hookeri, a closely related species, including juveniles with one
smaller, linear leaf; an alternation between vegetative and flowering adult stages; and the rarity
of dormancy. The main differences in the life stages between these taxa were a lack of
immature, one-rounded leaf stage for P. hookeri, a lack of a terminal regressive stage in our two
species, and the successful recruitment of some portion of juveniles into the populations in our

study (Reddoch and Reddoch 2007).

Our observations of germinants agree with those of Zelmer et al. (1996) for P. orbiculata that
seeds of these orchids can germinate without an established mycobiont. Although our
germination trials have not yet produced any single leaf juveniles, current results point to a
belowground protocorm stage that lasts for at least four, but likely several more, years.
Establishment of orchids is a complex process dependent on favorable conditions for seed
germination, mycobiont presence, and sufficient carbon supply for the mycobiont and thereby
the young orchid (Rasmussen et al. 2015). Several studies have also emphasized that seedling
orchids often depend upon different endophytes than the mycorrhizae of mature plants (Zelmer

et al. 1996; Rasmussen et al. 2015). In addition, orchid seedlings appear to be less specific in
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mycobiont selection than mature orchids where mycorrhizal partners have been documented as
important aspects of niche partitioning (Jacquemyn et al. 2012; McCormick and Jacquemyn
2014). Clearly, more detailed work on the fungal partners for these orchids will be necessary to

deepen understanding of their ecology and further their conservation.

Three leaf area thresholds appear to define life stage transitions for both orchid species (Fig. 3).
This pattern suggests that photosynthesis plays an essential role in the life history and maturation
of these orchids. Although mixotrophy has been documented in an Asian terrestrial forest
species of Platanthera and suggested for several European species (Yagame et al. 2012), the
degree and presence of mixotrophy in these two orchid species is currently unknown. Some
recent studies from Europe have suggested that mixotrophic, terrestrial forest orchids use
photosynthesis to buffer against limitations in fungal carbon sources and ensure seed
development (Bellino et al. 2014; Gonneau et al. 2014). The fact that flowering adults are
significantly larger than vegetative adults for our two species strongly points to the importance of
increased photosynthetic capacity to reproduction in P. orbiculata and P. macrophylla.
However, the existence of a fungal carbon source for the adult stages of these orchids remains to

be demonstrated.

Leaf damage. The strong relationship between amount of leaf area damaged and trajectory of
life transitions hints at a rather delicate carbon balance. For example, high leaf area damage was
clearly associated with a higher level of mortality in both species (Fig. 6). Both species set their
vegetative bud and initiate new roots for the following year by August of the current year

(Currah et al. 1990; Cleavitt, pers. obs.); hence, death is generally pre-determined if the
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individual lacks the resources to form a bud. In only one instance was death observed from
damage of an already set bud in a particularly exposed location. Another indication of the
delicate carbon balance in these orchids is the propensity for juveniles to operate as spring
ephemerals, often only appearing aboveground for a few weeks in early spring (Cleavitt, pers.
obs.). The rarity of dormancy in these species could also be interpreted as a consequence of
rarity of having enough stored resources to use this stress response strategy (Fig. 4 and appendix
Fig. A2). In other temperate, terrestrial orchids, dormancy has been induced by experimental
removal of leaf surface area (Shefferson et al. 2005); however, removal of leaf surface areca was

much more strongly related to mortality in this study.

The agents of leaf damage varied in frequency, severity and impact among years. Slug and snail
herbivory was the most common form of damage, but it seldom resulted in more than 10% of the
leaf area removed (Fig. 6). Fungal damage could be fairly devastating, but showed large
variation between years. In 2012, the leaves of many of the orchids turned brown and blistery
soon after leaf expansion in May. Interestingly, we documented unusually high fungal damage
in this year on sugar maple seedlings within HBEF (Cleavitt et al. 2014) by a Rhizoctonia sp.
(root rot and vascular system pathogen; Cleavitt et al. 2011); however, we did not confirm the

identity of the pathogen on the orchids in 2012.

Implications for conservation. The number of juveniles in these populations of orchids was
markedly out of balance with the number of adults (Fig. 4), indicating that the juvenile stage
represents a potential population bottleneck. Populations with such limited recruitment may

appear stable if adult mortality is sufficiently low, but such populations are incapable of
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significant positive population growth without an increase in recruitment (Berry et al. 2011).
The need for increased juvenile recruitment to maintain these orchid populations will likely be
greater in the future, as increased herbivory from white-tailed deer potentially increase adult
mortality. Historically, deer were reported at very low densities in Hubbard Brook (Pletscher et
al. 1989), but their populations appear to be increasing the last several years in conjunction with

decreased snow depths (Campbell et al. 2010).

All life stages appear vulnerable to often fatal consequences of leaf damage taking greater than
25% of the leaf area (Fig. 6). In addition to the apparently tenuous progression to achieve the
flowering adult stage, flower production is set back between 11-17% of the time by damage to
the raceme and seed capsule set is relatively low (Table 2). As noted above, there is a
significant difference in total seed production between the two species, and if additional research
reveals that seed production is a limiting factor for population growth, the lower fecundity of P.
macrophylla would make the species more at risk of population decline than its more fecund
congener P. orbiculata. The population model building requires more complete data on: number
of seeds that successfully germinate, the length of the protocorm stage from seed germination to
aboveground juvenile and the percent of protocorms that transition to the juvenile stage. We
present a strong initial framework for understanding possible population bottlenecks for these
and other terrestrial orchids and future work should be aimed at rounding out knowledge of these

more cryptic early life stages.
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Table 1. Summary of the number of marked orchid individuals for Platanthera macrophylla and

P. orbiculata with measurements during the five years of the study.

Year P. macrophylla P. orbiculata Both species
2011 100 86 186
2012 88 77 165
2013 119 104 223
2014 129 144 273
2015 129 143 272
All years 192 194 386
Data in all years 48 44 92
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Table 2. Comparison of fecundity parameters between the round-leaved orchid species pair
Platanthera macrophylla and P. orbiculata. Values for parameters based on multiple years of
observations were calculated based on the aggregate data for those years. Bold font indicates
statistically significant differences (P < 0.05) between the species from a likelihood-ratio G test

for the top two parameters and a #-test for the others.

P. macrophylla P. orbiculata
Fecundity Parameter Year(s)

Value (N) Value (N)
Proportion initiating inflorescence ~ 2011-15 0.39 (411) 048 (422)
Proportion flowering 2011-15 0.28 (411) 0.31 (422)
Flowers / flowering plant 2011-15 13.9 (115) 204 (131)
Swollen ovaries / flowering plant 2013 4.6 (34) 4.4 (24)
Swollen ovaries / flower 2013 0.33 (34) 0.22 (24)
Fruits / flowering plant 2013-15 2.0 (87) 2.5 (96)
Fruit set / flowering plant 2013-15 0.14 (87) 0.11 (96)
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Figure Legends

Figure 1. Map of study area within Hubbard brook Experimental Forest and populations of
round-leaved orchids, Platanthera macrophylla and P. orbiculata. On the inset of the state of
New Hampshire, the study site location is marked by an “X”. The scale of the map precluded
depiction of all study individuals, but rather provides the visual extent of the populations and
their occurrence on the landscape. This map was created by Scott Bailey in ARC-GIS from

publicly available GIS data (http://www.hubbardbrook.org/gis/) and is used here with

permission.

Figure 2. Stage-structured life cycle graph for the species pair Platanthera macrophylla and P.
orbiculata. Aboveground stages are primarily defined by leaf morphology and size (Figure 3),
and the presence or absence of an inflorescence for adults. Life-history stage transitions are

indicated by arrows with solid lines and reproduction is indicated by dashed lines.

Figure 3. Differences in leaf area by demographic life stages for Platanthera macrophylla (M)
and P. orbiculata (O). Box plots show the median (white mid-line), 75% spread (Black box)
95% spread (vertical lines) and outliers (dots). Significant differences between leaf area by life
stages are shown with capital letters for Steel-Dwass between pairs post-hoc comparisons (o=

0.05).

https://mc06.manuscriptcentral.com/botany-pubs



Page 27 of 40

Botany

27

Figure 4. Comparison of vital demographic rates between P. macrophylla and P. orbiculata.
Shown are the proportions of individuals for each demographic transition based on aggregate
data from 2011-2015. Asterisks (*) indicates statistically significant differences (P <0.05)in a

vital rate between the two species based on likelihood-ratio G* tests.

Figure 5. Age-specific survivorship starting from the Juvenile stage for P. macrophylla (black)
and P. orbiculata (gray). To illustrate survivorship through the different stage classes (figure 2),
dashed vertical lines have been added to denote the average time that surviving individuals spend
within each of the life history stages of Juvenile, Immature, and Adult (flowering and non-
flowering). Note that the last set of dashed lines also corresponds with the average age at death

(i.e. life expectancy) of survivors through all the stage classes.

Figure 6. Comparison of leaf surface damage grouped by demographic transitions (left) and
year (right) for Platanthera macrophylla (M) and P. orbiculata (O). Box plots show the median
(white mid-line), 75% spread (Black box) 95% spread (vertical lines) and outliers (dots).
Significant differences between leaf area by life stages are shown with capital letters for Steel-

Dwass between pairs post-hoc comparisons (o= 0.05).
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Figure 7. Summary of damage agents on leaves of round-leaved orchids, Platanthera
marcophylla and P. orbiculata. A) percent of marked individuals with damage by these agents.
The percentages are percentage of total with all years combined. B) percent of leaf area
damaged by the source. Box plots show the median (white mid-line), 75% spread (Black box)
95% spread (vertical lines) and outliers (dots). Significant differences between leaf area by life

stages are shown with capital letters for Steel-Dwass between pairs post-hoc comparisons (o=

0.05).
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Figure 1. Map of study area within Hubbard brook Experimental Forest and populations of round-leaved
orchids, Platanthera macrophylla and P. orbiculata. On the inset of the state of New Hampshire, the study
site location is marked by an “X”. The scale of the map precluded depiction of all study individuals, but
rather provides the visual extent of the populations and their occurrence on the landscape. This map was
created by Scott Bailey in ARC-GIS from publicly available GIS data and is used here with permission.
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Figure 2. Stage-structured life cycle graph for the species pair Platanthera macrophylla and P.
orbiculata. Aboveground stages are primarily defined by leaf morphology and size (Figure 3), and the
presence or absence of an inflorescence for adults. Life-history stage transitions are indicated by arrows
with solid lines and reproduction is indicated by dashed lines.
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Figure 3. Differences in leaf area by demographic life stages for Platanthera macrophylla (M) and P.
orbiculata (O). Box plots show the median (white mid-line), 75% spread (Black box) 95% spread (vertical
lines) and outliers (dots). Significant differences between leaf area by life stages are shown with capital
letters for Steel-Dwass between pairs post-hoc comparisons (a= 0.05).
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Figure 4. Comparison of vital demographic rates between P. macrophylla and P. orbiculata. Shown are the
proportions of individuals for each demographic transition based on aggregate data from 2011-
2015. Asterisks (*) indicates statistically significant differences (P < 0.05) in a vital rate between the two

species based on likelihood-ratio G2 tests.
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Figure 5. Age-specific survivorship starting from the Juvenile stage for P. macrophylla (black) and P.
orbiculata (gray). To illustrate survivorship through the different stage classes (figure 2), dashed vertical
lines have been added to denote the average time that surviving individuals spend within each of the life
history stages of Juvenile, Immature, and Adult (flowering and non-flowering). Note that the last set of
dashed lines also corresponds with the average age at death (i.e. life expectancy) of survivors through all

the stage classes.
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Figure 6. Comparison of leaf surface damage grouped by demographic transitions (left) and year (right)
for Platanthera macrophylla (M) and P. orbiculata (O). Box plots show the median (white mid-line), 75%
spread (Black box) 95% spread (vertical lines) and outliers (dots). Significant differences between leaf area

by life stages are shown with capital letters for Steel-Dwass between pairs post-hoc comparisons (a= 0.05).
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Figure 7. Summary of damage agents on leaves of round-leaved orchids, Platanthera marcophylla and P.
orbiculata. A) percent of marked individuals with damage by these agents. The percentages are percentage
of total with all years combined. B) percent of leaf area damaged by the source. Box plots show the
median (white mid-line), 75% spread (Black box) 95% spread (vertical lines) and outliers (dots). Significant
differences between leaf area by life stages are shown with capital letters for Steel-Dwass between pairs
post-hoc comparisons (a= 0.05).

203x325mm (300 x 300 DPI)

https://mc06.manuscriptcentral.com/botany-pubs



Botany Page 36 of 40

Table A1. Comparison of damage source occurrence by year for round-leaved orchids in
Hubbard Brook Experimental Forest, NH.

Year Damage source
Fungus Gastropod  Other Mechanical Unknown
herbivory  herbivory source
2012 25.4 66.7 4.3 2.9 0.7
2013 7.4 64.5 5.6 17.7 4.8
2014 6.1 37.4 37.4 16.8 2.3
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Appendix Figure Legends

Figure A1. Projection matrices (A) and corresponding fundamental matrices (N), which
indicates the average time each species spends in a given life-history stage. The sum of each
column in the fundamental matrices provides the average age at death (i.e., life expectancy) for
each stage. The four stages included in these matrices are Juvenile, Immature, Vegetative Adult,

and Flowering Adult.

Figure A2. Comparison of vital demographic rates between P. macrophylla and P. orbiculata.
Shown are the proportions of individuals for each demographic transition for the years 2011-
2015. Asterisks (*) indicates statistically significant differences (P < 0.05) in a vital rate
between the two species based on likelihood-ratio G tests. Note: sample sizes for seedlings in
2011-12 and 2012-13, and dormancy in adults (all years) were too small to conduct statistical

analyses.

Figure A3. Comparison of leaf surface damage grouped by life stage for Platanthera
macrophylla (M) and P. orbiculata (O). Box plots show the median (white mid-line), 75%

spread (Black box) 95% spread (vertical lines) and outliers (dots).
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