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Abstract: Many rare plant species lack up-to-date research about their reproductive ecology, which
challenges effective in situ and ex situ conservation, particularly in the face of ongoing environmen-
tal and anthropogenic changes. For protected species, outdated and incomplete information also
creates barriers to successful recovery planning and delisting. In this study, we gathered a range of
reproductive metrics for the federally threatened and state endangered Florida endemic mint, Mac-
bridea alba Chapman (Lamiaceae). We collected data at seven populations within Apalachicola Na-
tional Forest (Florida, USA) and conducted germination trials to estimate reproductive potential.
Additionally, we observed a previously undocumented lepidopteran seed predator for the species
and confirmed the occurrence of vivipary. The seed set was low with less than 20% of flowers per
inflorescence producing seed across populations; however, germination was high with more than
60% of seeds germinating in five of seven populations. When comparing our results to previous
research conducted more than 20 years ago, the results were similar overall (i.e., germination, vivi-
pary); however, new information emerged (i.e., herbivore pressure). As M. alba undergoes reassess-
ment as a potential candidate for delisting from the Endangered Species Act (ESA) list, this infor-
mation is critical for assessing recovery goals and decisions regarding the species’ protected status.
For recovery needs related to propagation and reintroduction, these results can inform future seed
collection and propagation efforts for the species.

Keywords: endemic plants; ex situ conservation; Lamiaceae; Macbridea alba; rare plants; recruitment;
seed ecology; seed predator; vivipary; herbivory

1. Introduction

Rare and endemic plants are at an increased risk of decline and extinction [1,2] as
many of these species exhibit narrow distributions, specialized ecologies, and are low in
abundance [3,4]. These characteristics, exacerbated by anthropogenic and natural causes
like fragmentation of natural populations, have led to the decline of plant species globally
[5,6]. Conservation biologists emphasize that a barrier to effective conservation and re-
covery planning for rare species is the lack of data regarding species’ reproductive biology
and ecology [7]. This type of data can improve conservation efforts for at-risk species by
documenting limits to recruitment that can inform in situ and ex situ safeguarding efforts,
[7-9] particularly regarding reintroduction and habitat management plans [10].

The Florida Panhandle is a region within the northwestern part of the state of Florida
within the United States of America. This region includes the 10 counties west of the
Apalachicola River. It is considered within the United States to be a biodiversity hotspot
and harbors many state and federally listed plant species [11], including Macbridea alba
Chapman (Lamiaceae, M. alba, from hereon). Macbridea alba is both federally threatened
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and state endangered. While the species is considered locally abundant, it is geograph-
ically restricted to a range of specific habitats in four counties of the Florida panhandle
region, or the northwestern portion of Florida in the United States of America [12]. During
the 1990s and early 2000s, several M. alba studies provided information about pollinators,
population genetics, reproductive output, and germination to assist with its conservation
[13-17]. M. alba is currently a candidate for delisting from the Endangered Species Protec-
tion Act list, yet recovery plans are based on outdated information about the current pop-
ulation size, distribution, and reproductive potential of this species, presenting persistent
obstacles to conservation efforts [18].

Much has changed throughout the species’ range in the decades since those earlier
studies. With increased pressure on native populations from current and projected envi-
ronmental change [19], increased stochastic weather events [20], land use change and de-
velopment [21], threats to pollinator services [22], and the encroachment of exotic and
invasive species [23], it is important to provide an updated account of the species’ status.
In the case of M. alba, few populations are known outside of protected areas and public
lands, and those that persist are at a high risk of further decline [12]. In addition, few ex
situ collections exist to supplement natural populations. Efforts to propagate, maintain ex
situ collections, or reintroduce species to new habitats should be informed by a thorough
review of the current life history, habitat specificities, and reproductive ecology. If delist-
ing is the final objective for U.S. rare species, the most up-to-date information regarding
their biology and ecology should be a priority to support such delisting.

The goals of this study were to (1) document population size and the number of total
flowers per stem among seven populations during one sampling period within Apala-
chicola National Forest (Florida, USA), (2) document fruit and seed production and ger-
mination success for each population, (3) investigate potential variables (i.e., vivipary,
herbivory) correlated with M. alba seed ecology and possible recruitment, and (4) investi-
gate how reproductive output, germination, and herbivory are correlated to population
size and total number of flowers. We collected infructescences from each population to
document reproductive output (e.g., flowering, fruit set, and seed set) and conducted ger-
mination studies to compare our findings to previous research [14,16]. Based on previous
work conducted with the species [14,16], we expected M. alba seeds to exhibit high germi-
nation and seed viability across populations; however, we expected reproductive output
to vary by population. These results will aid in the safeguarding and management of M.
alba populations in the face of current and future change to advise its protected status.

2. Results
2.1. Fruit Set, Seed Set, Vivipary, and Herbivory

Overall population size ranged from 67 to 800 individuals with a total number of
flowers ranging from 177 to 865 across populations (Table 1). The fruit set was generally
low across populations with a maximum documented fruit set of 18% (Table 2). Seed set
was also low with a maximum documented seed set of 8% (Table 2). Significant differ-
ences were observed in fruit set (x2 = 31.8, p < 0.001, df = 6) and seed set (x2 =35.7, p <
0.001, df = 6) among populations (Table 2).

As many as 33% of calyces across individuals within a population contained a pre-
germinated seed (Tables 1 and 2). Vivipary (i.e., pre-germinated seed within the calyx)
was documented in all populations, and significant differences were found among popu-
lations (x2 =59.1, p <0.001, df = 6). In the case of the transplanted viviparous seeds, about
40% of the original 135 transplants survived after ~14 months. However, after ~20 months,
all plants perished possibly due to pest damage from mealybugs and growing conditions
(i.e., sensitivity to fertilizer application and possible drainage issues with soil mixture).
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Table 1. Summary of the number of sampled individual stems, estimated population size, total
flowers per population, and estimated average flowers per stem. Average number of seeds per ca-
lyx, number of developed seeds, and viviparous seeds collected per population. Percent viviparous
seed is a percent of total seed set (developed seed + viviparous seed) for each population. Percent
calyces per stem with at least one incidence of vivipary across sampled individuals per population.

Population Popu.lation Total Flowers  Avg Seeds  Developed Viviparous Vivi;o/(;rous %\(Ijii,li}: ::yvﬁth
n =Indv Size (Avg/Stem) * per Calyx Seed Seed Seed tse
1n=49 800 570 (12) 0.3 78 80 51 32.7+5.9 2
2n=48 102 332 (7) 0.1 15 3 17 25+2.1°
3n=19 170 177 (9) 0.3 36 18 33 21.5+8.6 @b
4n=>52 250 546 (11) 0.1 33 7 18 2.9+2.0°
5n=48 250 420 (9) 0.1 40 3 7 3.2+2.2°
6n =98 445 865 (9) 0.2 164 20 11 4.8+1.3°
7n =48 67 452 (9) 0.1 39 4 10 4.4+29°
* Flowers are estimated based on number of calyces. ** Letter denoting significant differences are
based on the KW-Dunn'’s test results for medians.
Table 2. Summary of the number of sampled individuals and the average fruit set and seed set
(including developed seed and viviparous seed) per stem for each population. Percent calyces per
stem and percent of stems per population with at least one incidence of herbivory. The average
percent germination for each population as well the range of germination across replicates within a
population.
Population .% * s . e Fialyces with " % Stems with % Germination ™
= Indv Fruit Set * Seed Set Herbivore Damage Herbivore Damage ise
ise ise ise (Range)
1n=49 1443 2 7422 7.843.8 2 73.5 62.619.2 2 (33.0-87.0)
2n=48 4+1b 1+0® 21.2+3.7 54.2 33.3+17.6 (0.0-60.0)
3n=19 1845 ac 842 ac 5.5+£3.2°b 15.8 83.4+7.4 2 (67.0-100.0)
4n=>52 3] be 141 be 13.743.3 b 32.7 43.4+8.5(17.0-67.0)
5n=48 743 be 3] be 36.5+4.3 2 77.1 63.2+9.7 20 (33.0-83.0)
6n =98 942 abe 541 abe 33.3+3.2 2 68.4 72.0£5.6 20 (50.0-80.0)
7n=48 542 be 2+] be 9.9£2.0b 22.9 60.0+6.6 2 (50.0-83.0)

* Letter denoting significant differences are based on the KW-Dunn’s test results for medians. **
Letter denoting significant differences are based on the ANOVA-Tukey test results for means.

The proportion of fruits showing signs of herbivory varied significantly among pop-
ulations (x2 = 53.3, p <0.001, df = 6) with up to 37% of calyces per stem across individuals
within a population showing signs of herbivore damage (Table 2). Four of the seven sites
surveyed exhibited herbivore damage on stems in at least 50% of individuals, with the
most herbivore damage documented in 77% of sampled individuals in one population
(Table 2). Micro-lepidoptera specimens, as well as pupal cases, were identified as Endo-
thenia hebesana (Walker) (Tortricidae; Verbena Bud Moth).

2.2. Germination Trials

The difference in the average germination among populations was significant (Fs26=
3.2, p <0.05), and overall, germination was high with five of seven populations exhibiting
successful germination of 60% or more (Table 2). The range across replicates and popula-
tions was as low as zero and as high as 100% germination with the highest average at 83%
(Table 2). The lowest germination across all populations was an average of 33%. Of the
137 transplants from germination trials, approximately 22% of seedlings survived after
~14 months. However, by the end of the study, all seedlings perished (i.e., ~20 months).
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2.3. Correlations

Population size ranged from 67 to 800 with total number of flowers ranging from 177
to 865 across populations (Table 1). Reproductive output (i.e., fruit set, and seed set), ger-
mination, and herbivory were not correlated to population size (all r values < 0.676 and
all p values > 0.096) or total number of flowers (all r values < -0.236 and all p values >
0.610).

3. Discussion

For most federally listed species, few will have long term demographic, reproductive,
and/or ecological data available to inform conservation strategy. For many other rare spe-
cies, decades may pass between surveys. This study aimed to document reproductive
metrics for Macbridea alba, a rare Florida mint, after more than two decades since previ-
ously published work. Throughout this time, populations numbers have remained stable;
however, the number of extant populations have become primarily restricted to public
lands, specifically within Apalachicola National Forest [12]. The conversion of natural
habitat to cattle pasture or improperly managed timberlands has enabled fragmentation,
fire suppression, and woody encroachment: all factors that could impact long-term sur-
vival and recruitment of M. alba populations [12,13]. Across populations sampled in our
study, fruit set and seed set were low despite high floral output. Germination success var-
ied across populations but was high overall. The inspection of seeds confirmed and quan-
tified the occurrence of vivipary and documented potential threats to M. alba recruitment
and survival, including the presence of a natural seed predator prevalent across M. alba
populations. These results show that populations can display significant variation in re-
productive output, which has important implications for collection and ex situ propaga-
tion efforts. Importantly, our research both supports and adds to the existing body of work
on M. alba’s reproductive ecology. By providing up-to-date data concerning M. alba repro-
ductive biology, our results can help to prioritize recovery and safeguarding efforts for
the species, as well as informing the species’ current protected status. Beyond the imme-
diate applications for M. alba, this approach is useful when seeking new data to inform
conservation efforts, status assessments, and potential delisting of other rare and listed
species.

3.1. Fruit Set, Seed Set, and Herbivory

The observed fruit and seed set were low across all surveyed M. alba populations.
Although our study used different metrics from a previous work by Madsen (1999, [14]),
we observed similar numbers in reproductive output for the species. Madsen referred to
individual clumps and reported seeds per flower while we estimated seeds per flower by
remnant calyces by stem per individual. In our study, we documented an average range
of 0.1 to 0.3 seeds per calyx across populations compared to an average of 0.45 to 1.49
seeds per flower across populations in Madsen’s study (1999, [14]). In addition, as in the
case of Madsen (1999, [14]), higher floral production did not necessarily equate to an in-
crease in fruit or seed set, and various other sources of variation at the population level
likely determine ovule success. It is documented that M. alba population numbers and
floral production commonly vary year to year depending on environmental conditions
and burn history [24]. Studies that monitor floral and seed production over time will im-
prove our understanding of patterns in variations of seed production.

Regardless of population size or number of flowers available, there were few devel-
oped fruits and seeds observed across populations, and an increase was not correlated
with an increase in reproductive output. While there are many potential explanations,
including temporal variability, the low reproductive output could in some part be ex-
plained by a low occurrence of pollinator visitations. Pitts-Singer et al. (2002, [15]) noted
that although bumblebees and other bees were visiting M. alba, visitation rates were low.
During site visits in 2019-2020, pollinators and their visits were rarely observed (Sara
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Johnson and Brenda Molano-Flores, personal observations). A recent review by Sheehan
and Klepzig (2022, and citations therein, [25]) highlighted the resilience of the bee com-
munities in the longleaf pine ecosystem and the benefits of habitat management for polli-
nators. With 73% of plants in the longleaf pine savanna relying on insects for pollination
[26], additional observations are needed to better quantify pollinator visitation rates and
reproductive output within the context of habitat management for M. alba and other rare
plants. Depending on the species, different patterns could be observed throughout long-
leaf pine ecosystems (e.g., Pinguicula ionantha, [27]).

Another potential explanation for the low fruit and seed set is the prevalence of a
newly documented seed herbivore for the species. Endothenia hebesana (Walker) is a po-
lyphagous micro-lepidoptera species that feeds on the developing seeds of host plants
[28]. This species has been documented to feed on other genera in the mint family, such
as Scutellaria, Veronica, and Physostegia, but has not yet been documented on M. alba (James
Hayden, Florida Museum of Natural History, personal communication). While this natu-
rally occurring herbivore is unlikely the sole cause of low seed set in M. alba populations,
herbivory was abundant and present in over 15% (ranging up to 77%) of stems across all
sampled populations (Table 2). It is unknown whether M. alba individuals compensate for
increased herbivory during the flowering season [29, 30]. Continued pre-dispersal seed
predation in perennials like M. alba may contribute to overall mortality, reduced recruit-
ment, and limited population growth [31-33]. Resource limitation (i.e., lack of light or
moisture) exacerbated by competition and encroachment may also contribute to the low
observed seed set within M. alba populations, as encroachment is a major issue and im-
portant focus of habitat management in this region [12].

3.2. Vivipary

Vivipary has been documented previously in M. alba individuals with around 20%
of collected seeds germinating in the calyx [16]. In our study, we found populations with
higher or lower levels of vivipary than previously reported (Table 1). In addition, pre-
germinated seed accounted for ~25% of all seeds collected across populations. It has been
suggested that vivipary acts as a reproductive strategy allowing seedlings to overcome
limiting growing conditions [34,35]. While increases in humidity and moisture [34, and
references therein] may lead to an increase in vivipary, in this study, we did not measure
these environmental variables and as such, we cannot say whether these variables play
the same role in vivipary for M. alba. However, M. alba calyces are positioned with an open
cup shape at the top of the infructescence, creating a location for water to collect during
rainy or humid weather. Based on our data, it is uncertain whether this vivipary is adap-
tive or incidental, and if the adaptive potential could be context dependent based on local
conditions. Future research to document the consequence of pre-germinated seed will
help provide clues to the success of vivipary for M. alba. For example, do seeds success-
fully fall to the ground and establish or die due to desiccation.

3.3. Germination

The ex situ germination success for M. alba was over 50% in five of seven populations.
While germination results in Schulze et al. (2002, [16]) for M. alba focus on varying treat-
ments of age, stratification, and incubation techniques, overall, final average percent ger-
mination across the study ranged from 67 to 85%. Mean percent germination was similar
in this study at the maximum range (83%) when compared to Schulze et al. (2002, [16]).
Two M. alba populations had germination ranging from 33-43%, on the lower range of
germinability.

Additional work by Schulze et al. (2002, [16]) highlights the temporal nature of M.
alba seed viability and the lack of persistence in the seed bank. Macbridea alba appears tol-
erant of seed burial only to a depth of less than five cm, as deep burial likely inhibits the
emergence of cotyledons from the soil surface (i.e., germination may occur; however,
seedlings do not emerge at the soil level and perish due to lack of light, which may be
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important for M. alba germination) [16]. Additionally, fire suppression, competition by
invasive species, or woody encroachment could account for low observed seedlings in
some populations [12]. These factors, combined with knowledge of M. alba seed ecology,
suggest that seedling emergence and survivorship could be a limiting recruitment issue
in wild populations, not seed germination. Seedlings are infrequently documented in the
field, and it is possible that M. alba seedlings require a select set of temporal and habitat
conditions to germinate and survive in the wild. As noted by other studies (e.g., [36]),
these combined limitations may present a narrow window of opportunity for successful
sexual reproduction in this species.

3.4. Future Work

As with any listed rare plant species, additional work is needed to facilitate delisting.
For example, due to the increased pressure from frequent stochastic weather events, iso-
lation of natural populations, and shrinkage of the M. alba natural range outside of pro-
tected areas, collection and protection should strive to maintain and enhance genetic di-
versity where possible in both in situ and ex situ conservation efforts. Previous research
implicates inbreeding depression as a potential risk to successful M. alba recruitment [17];
however, additional research is required to understand the current distribution of genetic
diversity across populations and to reassess if inbreeding depression is still a concern. In
addition, unknown implications of low outcrossing and limited genetic variability caused
by the fragmentation of populations may leave existing M. alba populations vulnerable to
continued habitat and climate change.

Macbridea alba also has been documented to spread frequently by rhizome via asexual
reproduction, and clonal establishment may vary among years or sites. Further work is
necessary to specify the primary reproductive strategy of M. alba and the frequency of
sexual and asexual reproduction, as well as the environmental drivers related to the prev-
alence of reproductive strategy. For example, how does asexual reproduction change how
we define relatedness within populations, and what is the role of vivipary as part of the
reproductive strategy of this species? In addition, understanding the primary form of re-
production may help to explain the infrequency of seedlings encountered throughout
populations [12,14]. It is possible that M. alba’s tendency towards sexual or asexual repro-
duction may fluctuate due to habitat condition and may vary at different times or seasons
[37-39]. Developing a better understanding of these reproductive strategies in conjunction
with current population genetics, habitat conditions, and frequency of fires will provide
insights into the most productive strategy for maintaining diverse populations at in situ
or ex situ locations. Having these data in combination with other datasets, such as long-
term monitoring data, could facilitate the development of population viability analyses
[40,41] or matrix projection models [42] to inform whether M. alba populations are stable,
increasing, or declining overall. In addition, demographic models can help link abiotic
and biotic factors in the environment to vital rates and overall fluctuations in abundance
and reproductive effort [43].

4. Materials and Methods
4.1. Study Species

Macbridea alba Chapman (Lamiaceae, white birds-in-a-nest) is a federally threatened
and state endangered perennial herbaceous mint restricted to Bay, Franklin, Gulf, and
Liberty counties in the Florida panhandle region, or northwestern portion of the state of
Florida in the United States of America [44]. The species was listed as threatened under
the ESA in 1992 as threats of habitat degradation caused by poor management practices
for timber and cattle were increasing [12]. This fire-adapted and disturbance-dependent
species is monitored and managed by state and federal agencies throughout public lands
where it persists. Populations are associated with grassy pine flatwoods of the longleaf
pine (Pinus palustris) ecosystem, but individuals are commonly observed across a range
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of conditions from wet savannas and sand hills to disturbed roadsides [12]. Individuals
typically produce one or more, often branched stems up to ~45 cm in height and are con-
spicuous when in bloom from May through July. Flowers are bisexual with bright white
corollas arranged in a terminal inflorescence (Figure 1), and seeds mature from July to
September. Seeds likely have low germination rates in the field and recruitment (i.e., and
seedlings) has not been recorded in the wild [12,16].

Macbridea alba reproduces via rhizome and by seed, producing up to four nutlets per
flower. Vivipary occurs occasionally with seeds germinating within the calyx [16]. In ad-
dition, M. alba is self-compatible and pollinated by bumblebees [15]. Genetic research
shows about 92% of genetic diversity is found within populations [17], and genetic diversity
may be lower than other perennial Florida mint species [45]. Drought or extreme weather
may reduce reproductive output or result in temporary dormancy until conditions improve
[15,17]. Research suggests that M. alba may be a poor competitor with other plants, as it may
require bare ground to germinate and could be restricted by its inability to tolerate shade
[46]. Lastly, stored and buried seeds remain viable for up to six months; however, viability
rapidly declines after one year. The absence of a persistent seed bank and lack of innate
dormancy create a narrow temporal recruitment window for the species [16].

Figure 1. Photos of plant and reproductive parts of Macbridea alba individuals with one or multiple
stems per rosette. Photos from left to right: (1) basal rosettes in situ; (2) basal rosette and root system
of ex situ grown individual; (3) multi-stemmed inflorescences of single individual (side-profile); (4)
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single inflorescence; (5) multi-stemmed inflorescences of multiple individuals (top-profile), (6) Mac-
bridea alba seeds in petri dish for germination trial; (7) bagging single stem of multi-stemmed indi-
vidual in the field; (8) multiple pre-germinated seeds within single calyx; (9) evidence of herbivory
on calyces of Macbridea alba infructescence; (10) specimen of Endothenia hebesana (Walker) or the Ver-
bena Bud Moth discovered in specimen bag during collection.

4.2. Study Area

Apalachicola National Forest (ANF) is home to over two-thirds of occurrence records
for M. alba, as well as multiple long-term monitoring plots maintained by the Florida Nat-
ural Areas Inventory (FNAI) [47,48]. Fire suppression and habitat modification has frag-
mented the once extensive longleaf pine ecosystem of the coastal plain, but intact habitat
persists within the protection of ANF and surrounding public lands [12]. Exacerbated by
fire suppression and poor forest management practices on both private and public lands,
encroachment by woody species has introduced competition, which challenges the sur-
vival of M. alba and associate herbaceous species within this fire prone region [12,24]. Fur-
thermore, this area is managed by state and federal entities with mechanical and chemical
removal of woody species, mowing, and frequent burning; however, burn frequency var-
ies across compartments within ANF.

Preliminary surveys were conducted at a selection of previously reported records (n
= 98) to estimate population size. Due to the quantity of sites surveyed during the study
period, some population sizes were estimated, and some represent exact counts. Seven
populations (at least one kilometer apart) were selected in ANF for seed collection based
on their approximate population size and varying habitat and management conditions.
Habitat condition ranged across populations in terms of the level of woody encroachment,
the cover of vegetation at the canopy, understory, and ground levels, and the microtopog-
raphy of the site from upland to wetland habitat. Fire compartment data for ANF [49] was
utilized to determine the burn history (e.g., time in years since the last burn) for each pop-
ulation.

4.3. Seed Collection

A range of approximately 20 to 98 M. alba individuals were haphazardly selected for
seed collection from each population based on estimated abundance. In July 2019, after
flowering but before fruit development and seed dispersal, individuals were identified by
tracing the stem to the base or basal rosette of each plant. One flowering stem per rosette
was bagged with a mesh bag. Because a flowering stem often exhibits a branching inflo-
rescence, all flower heads within that flowering stem were bagged. There is a low chance
of shading from mesh bags to the infructescence of each plant. In September of the same
year, stems were clipped below each bagged infructescence and were brought to the lab
for dissection. The total infructescences collected (measured by infructescences per mesh
bag) were counted and the total number of calyces (which also estimates flower produc-
tion) per infructescence were removed and counted. Calyces that contained at least one
seed were counted as a fruit. Calyces were dissected to expose seeds, which were then
removed, counted, and pooled at the population level. Fully developed seeds were plump
and a light tan, whereas any appearing soft or dark in color were considered dead or un-
developed and were discarded.

4.4. Reproductive and Population Metrics

For each individual (i.e., stem), the number of infructescences per stem, the total
number of calyces (to estimate floral output per stem), and the number of fruits (i.e., total
number of calyces containing at least one seed) were recorded. Fruit set was estimated by
counting the number of fruits as a percent of the total number of calyces produced per
stem:
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% fruit set = # fruits/# calyces per stem x 100

In addition to developed seeds, viviparous seeds were encountered during seed ex-
traction, and therefore, fully developed, and viviparous seeds were combined to calculate
total set per stem. Each M. alba flower produces one ovary with a gynobasic style that may
produce a fruit with up to four nutlets, as each of the four ovary lobes may produce a
seed/nutlet. Potential seed set per stem was determined by multiplying the total number
of calyces per stem by four. Therefore, seed set was defined as a percent of total set from
potential seed set.

total set = developed seed + viviparous seed

% seed set = total set/potential seed set x 100

The percentage of calyces with and without viviparous seed was documented, as
well as the total percentage of viviparous seeds of total set per population. All viviparous
seedlings gathered during collection were transplanted into 5 x 5 x 5 cm pots in a potting
mixture consisting of 3-parts potting soil (peat and perlite), 3-parts sand, 2-parts perlite,
1-part lava rock, 1-part horticultural grit, and Y2-part white pine (Pinus strobus) needles
(collected from the researcher’s neighborhood) and 2 part fine orchid bark (Dalton’s Or-
chiata, Matamata, NZ), in ratio of volume. Transplants were raised in a temperature-con-
trolled (see Germination Trials) greenhouse from September 2019 onward, and survivor-
ship was documented.

Herbivore damage was documented in several M. alba individuals, and it was con-
sidered to be herbivore damage if there were holes or damage present on the calyces of
the infructescence. The number of calyces with damage per stem was counted during dis-
section. The number of stems with at least one incidence of herbivory was also summa-
rized for each population. Upon inspection of calyces, insect herbivores (i.e., adults and
pupal cases) were collected.

4.5. Germination Trials

Greenhouse germination trials were conducted in the fall of 2019 for a period of two
months at the University of Illinois at Urbana-Champaign Plant Sciences Lab Greenhouse.
Germination trials were conducted within 2 months of collection, as work by Schulze et
al. (2002, [16]) documented successful germination for seeds up to 6 months in age and a
lack of dormancy for the species. For germination trials, the number of replicates and the
number of seeds per replicate varied by population based on pooled seed collection totals.
Seeds were placed in 100 mm by 15 mm plastic Petri dishes lined with one sheet of 90 mm
diameter Whatman™ grade 1 filter paper before adding 2 mL of distilled water (dH20) to
each. Petri dish edges were sealed with Parafilm™ to reduce evaporation and dishes were
placed on a bench in a controlled greenhouse set to a 14 h light (7:15 a.m. to 9:15 p.m.) and
10 h dark period with day temperature set to 22/25 °C and a night temperature of 8/12 °C.
Every day or every other day when seeds were checked for germination, position was
randomized to avoid a “block effect.” Germination was considered as the emergence of
the radicle. Few germinants were observed by day six of the trial, and an additional two
pieces of filter paper were added to help retain moisture and prevent seeds from drying
out. At this time, Captan™ (an antifungal agent, 50% Wettable Powder, BONIDE Products
LLC, Oriskany, NY, USA) was sprinkled over the filter paper and seeds to inhibit mold
growth. Additional dH20 was added as needed and petri dishes were resealed with Par-
afilm™ each time. Sprouted seeds were immediately removed and transplanted into 5 x
5 x 5 cm pots in a soil mixture as outlined above. Transplants were raised in greenhouse
conditions described above and survivorship was documented. Transplants were watered
as needed (approximately every other day or so), and transplants were fertilized monthly
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with MSU orchid fertilizer (19-4-23, N-P-K, Michigan State University (MSU) formula,
East Lansing, MI). Pesticides were used at least twice during this time by greenhouse staff
to control greenhouse pests, such as mealybug and thrips.

4.6. Statistical Analysis

To examine differences among populations in fruit set, seed set, amount of vivip-
arous seed, and the number of calyces with herbivore damage, Kruskal-Wallis tests fol-
lowed by Dunn post hoc tests were conducted. A one-way ANOVA followed by a Tukey
post hoc test was used to test differences among populations regarding the overall germi-
nation percentage. To standardize the presented data, the average proportions + SEs per
stem for each population are reported, and significance was determined at alpha = 0.05.
To determine if reproductive output, germination, and herbivory are correlated to popu-
lation size and total number of flowers, Pearson Product Moment and Spearman Rank
Order correlations were conducted. All analyses were performed using R Version 3.6.3
[50]. The following packages were used: agricolae [51], car [52], dplyr [53], and rcompanion
[54].

5. Conclusions

This study provides up-to-date data for an endemic mint, Macbridea alba, that has
remained stagnant on the Endangered Species Act (ESA) list since its listing. Research
conducted over 20 years ago provided important baseline data for the species; however,
conditions have changed significantly in the species’ native range throughout that time.
For rare plant species, particularly ESA protected species, updated data can provide use-
ful information for evaluating the effectiveness of current conservation and management
plans by documenting potential changes in biology, reproductive output, and recruit-
ment. The information in this study contributes to the outlined recovery needs for the
species, particularly the recovery goal of improving in situ and ex situ propagation and
reintroduction efforts. With updated data, we hope that conservation practitioners can
prioritize recovery goals to protect populations where they persist, and if possible, delist
species.

Author Contributions: Conceptualization: S.A ], ].C. and B.M.-F.; Methodology: S.A.]., ].C., B.M.-
F. and D.N.Z,; Formal Analysis: S.A.J]., B.M.-F. and D.N.Z.; Investigation: S.A.J., BM.-F,, ].C. and
D.N.Z.; Data Curation: S.A]., ].C. and B.M.-F.; Writing—Original Draft Preparation: S.A.J.; Writ-
ing—Review & Editing: S.A]., ].C., BM.-F. and D.N.Z; Funding Acquisition: B.M.-F. and J.C. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by U.S. Fish and Wildlife Service Section 6 under the Florida
Forest Service, FDACS contract number 025436. Any opinions, findings, conclusions, or recommen-
dations are those of the authors and do not necessarily reflect the views of the U.S. Fish and Wildlife
Service.

Data Availability Statement: Due to the nature of species listing status, raw and/or locality data
can only be made available through the permission of the U.S. Fish and Wildlife Service. For other
questions, please contact the corresponding author.

Acknowledgments: Thanks to Ann Johnson, Amy Jenkins, Jenna Annis, and the staff at Florida
Natural Areas Inventory for providing data critical to this project, and Michael Jenkins (Florida For-
est Service), Allix North, Sandra Chafin, and Dylan Shoemaker (St. Joseph Bay State Buffer Pre-
serve), and Tate’s Hell State Forest for access to public lands and logistical support. Thanks to Eric
Janssen and Matthew Candeias (University of Illinois: Urbana-Champaign), and Vivian Negrén-
Ortiz (U.S. Fish and Wildlife Service) for field and logistic support. Thank you to James Hayden
(Florida Museum of Natural History) for identification of insect specimens. These specimens were
retained and deposited into the Florida State Collection of Arthropods, housed in the McGuire Cen-
ter for Lepidoptera and Biodiversity.

Conflicts of Interest: The authors declare no conflict of interest.



Plants 2023, 12, 1485 11 of 12

References

1. Estill, ].C; Cruzan, M.B. Phytogeography of rare plant species endemic to the Southeastern United States. Castanea 1999, 66, 3-23.
Available online: https://www jstor.org/stable/4033879 (accessed on 1 April 2021).

2. Chichorro, F.; Juslén, A.; Cardoso, P. A review of the relation between species traits and extinction risk. Biol. Conserv. 2019, 237,
220-229. https://doi.org/10.1016/j.biocon.2019.07.001.

3. Rabinowitz, D. Seven forms of rarity. In The Biological Aspects of Rare Plant Conservation; Synge, H., ed.; John Wiley and Sons: New
York, NY, USA, 1981; pp. 205-215.

4. Bevill, R.L.; Louda, S.M. Comparisons of related rare and common species in the study of plant rarity. Conserv. Biol. 2001, 13, 493—
498. https://doi.org/10.1046/j.1523-1739.1999.97369.x.

5. LeRoux,]J.; Hui, C; Castillo, M.L.; Iriondo, ].M.; Keet, ].H.; Khapugin, A.A.; Médail, F.; Rejmanek, M.; Theron, G.; Yanelli, F.A; et
al. Recent anthropogenic plant extinctions differ in biodiversity hotspots and coldspots. Curr. Biol. 2019, 29, 2912-2918.
https://doi.org/10.1016/j.cub.2019.07.063.

6. Lughadha, E.N.; Bachman, S.P.; Ledo, T.C.C,; Forest, F.; Halley, ]. M.; Moat, J.; Acedo, C.; Bacon, K.L.; Brewer, R.F.A.; Gateblé, G.;
et al. Extinction risk and threats to plants and fungi. Plants People Planet 2020, 2, 389— 408. https://doi.org/10.1002/ppp3.10146.

7. Schemske, D.W.; Husband, B.C.; Ruckelshaus, M.H.; Goodwille, C.; Parker, .M.; Bishop, ].G. Evaluating approaches to the conser-
vation of rare and endangered plants. Ecology 1994, 75, 584-606. https://doi.org/10.2307/1941718.

8. Raven, P.H. Ex Situ Plant Conservation: Supporting Species Survival in the Wild; Island Press: Washington, DC, USA, 2004; Volume 3.

9. Corlett, R.T. Safeguarding our future by protecting Dbiodiversity. Plant  Divers. 2020, 42, 221-228.
https://doi.org/10.1016/j.pld.2020.04.002.

10. Monks, L.; Coates, D.; Bell, T.; Bowles, M.L. Determining success criteria for reintroductions of threatened long-lived plants. In
Plant Reintroduction in a Changing Climate; The Science and Practice of Ecological Restoration; Maschinski, J., Haskins, K.E., Raven,
P.H,, Eds.; Island Press: Washington, DC, 2012. https://doi.org/10.5822/978-1-61091-183-2_11.

11. Blaustein, R.J. Biodiversity hotspot: The Florida panhandle. BioScience 2008, 58, 784-790. https://doi.org/10.1641/B580904.

12.  Negrén-Ortiz, V. Macbridea alba (White Birds-in-a-Nest) 5-Year Review: Summary and Evaluation; USFWS Technical Report: Panama
City, FL, USA, 2020. Available online: https://ecos.fws.gov/docs/tess/species_nonpublish/3070.pdf (accessed on 15 January 2021).

13.  Walker, J.L.; White, D. Morphological and flower production changes with time since burning in Macbridea alba. Suppl. Bull. Ecol.
Soc. Am. 1994, 75, 240.

14. Madsen, D.L. Seed Production and Germination Studies of Macbridea alba. M.S. Thesis, Clemson University, Clemson, SC, USA,
1999.

15.  Pitts-Singer, T.L.; Hanula, J.L.; Walker, J.L. Insect pollinators of three rare plants in a Florida longleaf pine forest. Fla. Entomol. 2002,
85, 308-316. https://doi.org/10.1653/0015-4040085[0308:IPOTRP]2.0.CO;2.

16. Schulze, D.; Walker, J.; Spira, T. Germination and seed bank studies of Macbridea alba (Lamiaceae), a federally threatened plant.
Castanea 2002, 67, 280-289. Available online: https://www jstor.org/stable/4034350 (accessed on 18 August 2021).

17.  Godt, M.].; Walker, J.; Hamrick, J.L. Allozyme diversity in Macbridea alba (Lamiaceae), an endemic Florida mint. . Hered. 2004, 95,
244-249. https://doi.org/10.1093/jhered/esh044.

18.  United States Fish & Wildlife Service (USFWS). Recovery plan for four plants of the Lower 423 Apalachicola region, Florida. Euphorbia
telephioides (Telephus spurge), Macbridea alba (white birds-in-a-nest), Pinguicula ionantha (Godfrey’s butterwort), Scutellaria floridana (Flor-
ida 425 skullcap); Southeast Region: Atlanta, GA, USA, 1994. Available online: 426 https://ecos.fws.gov/docs/recov-
ery_plan/940622.pdf (accessed on 15 April 2021).

19. Elmendorf, S.C.; Henry, G.H.R.; Hollister, R.D.; Fosaa, A.M.; Gould, W.; Hermanutz, L.; Hofgaard, A.; Jénsdéttir, 1.S.; Jorgenson,
J.C.; Lévesque, E,; et al. Experiment, monitoring, and gradient methods used to infer climate change effects on plant communities
yield consistent patterns. Proc. Natl. Acad. Sci. 2015, 112, 448-452. https://doi.org/10.1073/pnas.1410088112.

20. Matthies, D.; Brauer, I.; Maibom, W.; Tscharntke, T. Population size and the risk of local extinction: Empirical evidence from rare
plants. Oikos 2004, 105, 481-488. https://doi.org/10.1111/j.0030-1299.2004.12800.x.

21. Carr, M.H.; Zwick, P.D. Florida 2070: Mapping Florida’s Future-Alternative Patterns of Development in 2070; Technical Report, FDACS
& 1000 Friends of Florida; Geoplan Center at the University of Florida: Gainesville, FL, USA, 2016. Available online:
http://1000friendsofflorida.org/florida2070/wp-content/uploads/2016/09/florida2070technicalreportfinal.pdf (accessed on 18 Au-
gust 2021).

22. Rhodes, CJ. Pollinator decline~An ecological calamity in the making? Sci. Prog. 2018, 101, 121-160.
https://doi.org/10.3184/003685018X15202512854527.

23. Zaya, D.N,; Leicht-Young, S.A.; Pavlovic, N.B.; Ashley, M.V. Heterospecific pollination by an invasive congener threatens the native
American bittersweet, Celastrus scandens. PLoS ONE 2021, 16, e0248635. https://doi.org/10.1371/journal.pone.0248635.

24. Anderson, C.T,; Dietz, S.; Jenkins, A.; Drake, J. The Effects of Fire Season, Frequency, and Forest Structure on the Flowering Abundance of
Macbridea alba; Florida Natural Areas Inventory: Tallahassee, FL, USA, 2020. (Unpublished Report).

25.  Sheehan, T.N.; Klepzig, K.D. Arthropods and fire within the biologically diverse longleaf pine ecosystem. Ann. Entomol. Soc. Am.
2022, 115, 69-94. https://doi.org/10.1093/aesa/saab037.

26. Folkerts, G.W.; Deyrup, M.A.; Sisson, D.C. Arthropods associated with xeric longleaf pine habitats in the southeastern United

States: A brief overview. In Proceedings of the Tall Timbers Fire Ecology Conference; Tall Timbers Research Inc.: Tallahassee, FL, USA,
1993; Volume 18, pp. 159-192.



Plants 2023, 12, 1485 12 of 12

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Molano-Flores, B.; Primer, S.; Annis, J.; Feist, M.A.; Coons, J.; Digges, R. Reproductive ecology of three rare North American Pin-
guicula species. Plant Species Biol. 2018, 33, 129-139. https://doi.org/10.1111/1442-1984.12204.

Mulvaney, C.R.; Molano-Flores, B.; Whitman, D.W. Is insect herbivory contributing to the threatened status of Agalinis auriculata
(Orobanchaceae) in Illinois? J. Torrey Bot. Soc. 2006, 133, 560-565. https://doi.org/10.3159/1095 5674133[560:ITHCTT]2.0.CO;2.
Kettenring, KM.; Weekley, C.W.; Menges, E.S. Herbivory delays flowering and reduces fecundity of Liatris ohlingerae (Asteraceae),
an endangered, endemic plant of the Florida scrub. J. Torrey Bot. Soc. 2009, 136, 350-362. https://doi.org/10.3159/08-RA-113.1.
Menges, E.S.; Waller, D.M.; Gawler, S.C. Seed set and seed predation in Pedicularis furbishiae, a rare endemic of the St. John River,
Maine. Am. J. Bot. 1986, 73, 1168-1177. https://doi.org/10.1002/j.1537-2197.1986.tb08563.

Leimu, R.; Lehtild, K. Effects of two types of herbivores on the population dynamics of a perennial herb. Basic Appl. Ecol. 2006, 7,
224-235. https://doi.org/10.1016/j.baae.2005.09.002.

Ancheta, J.; Heard, S. Impacts of insect herbivores on rare plant populations. Biological Conservation, 2011, 144, 2395-2402.
https://doi.org/10.1016/j.biocon.2011.06.019.

Leja, M.; Chi, K.; Molano-Flores, B. Presence and intensity of pre-dispersal seed predation in a rare plant in response to habitat
quality and population metrics. Nat. Areas ]. 2015, 35, 542-549. https://doi.org/10.3375/043.035.0406.

Lee, ], Harmer, R. Vivipary, a reproductive strategy in response to environmental stress? Oikos 1980, 35, 254-265.
https://doi.org/10.2307/3544433.

Elmgqvist, T.; Cox, P. The evolution of vivipary in flowering plants. Oikos 1996, 77, 3-9. https://doi.org/10.2307/3545579.

Eriksson, O.; Froborg, H. “Windows of opportunity” for recruitment in long-lived clonal plants: Experimental studies of seedling
establishment in Vaccinium shrubs. Can. |. Bot. 1996, 74, 1369-1374. https://doi.org/10.1139/b96-166.

Watkinson, A.; Powell, J. Seedling recruitment and the maintenance of clonal diversity in plant populations—a computer simulation
of Ranunculus repens. |. Ecol. 1993, 81, 707-717. https://doi.org/10.2307/2261668.

Barrett, S.C. H. Clonality and plant sexual reproduction. Proc. Natl. Acad. Sci. USA 2015, 112, 8859-8866.
https://doi.org/10.1073/pnas.1501712112.

Palagi, ].M.; Ashley, M.V. Deer florivory is associated with changes in clonal structure of the woodland plant Bluebead Lily. Int. J.
Plant Sci. 2019, 180, 357-365. https://doi.org/10.1086/702861.

Menges, E. Population viability analyses in plants: Challenges and opportunities. Trends Ecol. Evol. 2000, 15, 51-56.
https://doi.org/10.1016/S0169-534701763-2.

Schwartz, M.W. Assessing population viability in long-lived plants. In Population Viability in Plants; Brigham, C.A., Schwartz, M.W.,
Eds.; Springer: Berlin/Heidelberg, Germany, 2003; Volume 165, pp. 239-266. https://doi.org/10.1007/978-3-662-09389-4_9.

Merow, C.; Dahlgren, J.P.; Metcalf, C.J.E.; Childs, D.Z.; Evans, M.E.; Jongejans, E.; Record, S.; Rees, M.; Salguero-Gémez, R.;
McMahon, S.M. Advancing population ecology with integral projection models: A practical guide. Methods Ecol. Evol. 2014, 5, 99—
110. https://doi.org/10.1111/2041-210X.12146.

Dahlgren, J.P.; Ehrlén, J. Linking environmental variation to population dynamics of a forest herb. J. Ecol. 2009, 97, 666—-674. Avail-
able online: http://www jstor.org/stable/20528897 (accessed on 12 December 2022).

Atlas of Florida plants. Available online: http://florida.plantatlas.usf.edu (accessed on 15 May 2021).

McDonald, D.B.; Hamrick, J.L. Genetic variation in some plants of Florida scrub. Am. ]. Bot. 1996, 83, 21-27.
https://doi.org/10.2307/2445950.

Walker, J. Rare vascular plant taxa associated with the longleaf pine ecosystems: Patterns in taxonomy and ecology. In Proceedings
of the Tall Timbers Fire Ecology Conference; Tall Timbers Research Inc.: Tallahassee, FL, USA, 1993; Volume 18, pp. 105-126.

Florida Natural Areas Inventory (FNAI). (Tallahassee, FL, USA). Macbridea alba element of occurrence spatial data. Private commu-
nication, 2018.

Florida Natural Areas Inventory (FNAI). (Tallahassee, FL, USA). Florida Conservation Lands. 2019. Available online:
https://www .fnai.org/gisdata.cfm (accessed on 1 August 2019).

United States Department of Agriculture (USDA), Michael Jenkins (Florida Forest Service). (Tallahassee, FL, USA). Fire compart-
ment data for Apalachicola National Forest. Private communication, 2020.

R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,
2021. Available online: https://www.R-project.org/ (accessed on 30 January 2021).

de Mendiburu, F. agricolae: Statistical Procedures for Agricultural Research, R package version 1.3-3; Universidad Nacional Agraria: La
Molina, Peru. 2020. Available online: https://CRAN.R-project.org/package=agricolae (accessed on 30 January 2023).

Fox, J.; Weisberg, S. An {R} Companion to Applied Regression, 3rd Edition. Sage: Thousand Oaks, CA, USA, 2019. Available online:
https://socialsciences.mcmaster.ca/jfox/Books/Companion/ (accessed on 30 January 2021).

Wickham, H.; Frangois, R.; Henry, L.; Miiller, K. dplyr: A Grammar of Data Manipulation, R package version 1.0.3; Posit PBC, Boston,
MA, U.S.A. 2021. Available online: https://CRAN.R-project.org/package=dplyr (accessed on 30 January 2021).

Mangiafico, S. rcompanion: Functions to Support Extension Education Program Evaluation, R package version 2.3.27; The Comprehen-
sive R Archive Network, Institute for Statistics and Mathematics of WU (Wirtschaftsuniversitat Wien), Vienna, Austria; 2021. Avai-
lable online: https://CRAN.R-project.org/package=rcompanion (accessed on 30 January 2021).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



