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ABSTRACT.—Ferns and lycophytes are unique among land plants in having two independent life
stages, the haploid gametophyte generation and the diploid sporophyte generation. While in most
species the sporophyte is the dominant, long-lived portion of the life cycle, in some ferns the
gametophyte is capable of sustained vegetative growth, and a number of species produce
sporophytes only in parts of their geographic range (a pattern known as the separation of
generations). One such species is the Hawaiian filmy fern Callistopteris baldwinii, whose growth
form varies across elevational gradients. This species occurs as independent gametophytes near sea
level, produces dwarfed sporophytes at mid elevations, and at the highest elevations—where
precipitation is greatest due to the orographic uplift of trade winds—it grows as large, mature
sporophytes. We measured temperature, relative humidity, and precipitation for several
populations of this fern on the island of O‘ahu in Hawai‘i to determine whether these
environmental factors may influence the spatial separation of generations exhibited by C.
baldwinii on the island. Our results indicate that temperature and precipitation vary across life
stages of C. baldwinii, underscoring the key role environmental conditions play in the completion
of the fern life cycle.
KEY WORDS.—alternation of generations, ecology, life cycle, niche, separation of generations

Geographic changes in the distribution of plants have long fascinated
botanists, starting most prominently with Alexander von Humboldt. In his
work, Essay on the Geography of Plants (1807/2009) (von Humboldt et al.,
2009), he described the changes in plant diversity along the elevational
gradients created by mountain ranges, with higher numbers of species near the
base that gradually begin to taper off before reaching snow-capped peaks. More
recent studies in locations around the world have frequently recovered a
‘humped’ distribution pattern in which species richness increases near midelevations (Cardelus, Colwell, and Watkins, 2006; Kessler, 2001; Rahbek, 1995;
Salazar et al., 2015).
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Along with species richness, there are also changes in the size and
morphology of plants across elevational gradients, with higher elevations
generally harboring smaller, more shrub-like species (Mark et al., 2008). This
can be true even when considering a single species, which may be large and
robust near the base of a mountain but becomes smaller toward the top, a trend
generally associated with colder temperatures and, consequently, the fewer
number of days in the growing season (Hovenden, 2001). The opposite pattern
can also exist, however, in which individuals of a given species become
smaller with decreasing elevation due to decreased moisture availability near
sea level, as is the case for the dioicous bryophyte Syntrichia caninervis Mitt.
(Benassi et al., 2011).
In ferns and lycophytes, whose sporophytes and gametophytes grow
independently of one another (Haufler et al., 2016), the two portions of the
life cycle may respond differently to the selective pressures posed by changes
in elevation, leading to ecological niche separation between the two
generations (Pinson et al., 2017). Such is the case for Callistopteris baldwinii
(D.C. Eaton) Copeland, a filmy fern (family Hymenophyllaceae) with ribbonshaped gametophytes (Fig. 1).
This species was given the specific epithet baldwinii when first collected in
1879 at a relative mid-elevation of approximately 762 m on the island of O‘ahu
in Hawai’i (Eaton, 1879). However, Degener and Degener later described the
fern Macroglena toppingii Degener and Degener on O‘ahu and other Hawaiian
islands, whose only distinguishing feature from C. baldwinii was having larger
sporophytes (Degener and Degener, 1962; Degener, 1935). Dassler and Farrar
(1997) observed populations of independent gametophytes of these ferns at
low elevations throughout the Hawaiian Islands and reasoned that if the two
species were considered conspecific, there would be a general trend of
decreasing sporophyte size from high elevations downward, with only
gametophytes able to grow at the lowest elevations. Dassler and Farrar
followed the taxonomy of Endlicher (1833) and Copeland (1938) in designating
the combined forms of this fern as Callistopteris baueriana (Endl.) Copeland, a
species common throughout much of the South Pacific, including the
Australian mainland, Norfolk Island, and Indonesia. Other authors, however
(i.e., Palmer, 2017), consider the species in Hawai‘i to be separate and endemic
to the Hawaiian Islands, retaining the name C. baldwinii for the plants found in
these islands; we follow this nomenclature here.
In this study, we set out to understand the elevational distribution of C.
baldwinii and the associated microclimate features that might explain its
separation of generations along mountain transects. We focused our monitoring efforts on the island of O‘ahu, where the smallest sporophytes of C.
baldwinii were initially discovered. O‘ahu has two mountain ranges that share
a northwest-to-southeast orientation roughly perpendicular to the trade winds
that consistently blow in from the east or northeast (Hartley and Chen, 2010).
The Ko‘olau Mountains are the longest and run approximately 45 km through
the eastern portion of the Island with a maximum elevation of 960 m. The
Wai‘anae Mountains on the western side of O‘ahu extend only 30 km but have
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FIG. 1. Callistopteris baldwinii in Ewa State Forest Preserve on O‘ahu, Hawai‘i. A) gametophyte
colony, B) mature sporophyte.
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FIG. 2. Locations of our study populations, on a map of O‘ahu showing mean annual rainfall
between 1978 and 2007. Map obtained from and printed with permission of the Online Rainfall
Atlas of Hawaii (http://rainfall.geography.hawaii.edu/downloads.html) (Giambelluca et al., 2013).

the highest elevation on the island, at 1200 m (Hartley and Chen, 2010). As the
trade winds encounter the northern (windward) sides of these mountain
ranges, the moisture-laden air precipitates near the summit and down the
southern sides (leeward). This pattern of orographic uplift causes widely
varying environmental conditions over relatively short distances (Fig. 2). The
Wai‘anae Mountain range, for example, supports arid lowlands on the leeward
side at its base; these arid habitats quickly transition to sub-tropical forests that
girdle the mountain range at mid-elevations, and these in turn are ultimately
supplanted by a bog at the summit. The differences in the size, extent, and
elevation of the Ko‘olau and Wai‘anae Mountains create differences in the
amount of rainfall each receives. On average, the larger Ko‘olau Mountains
tend to be much wetter, receiving between 1,350–2,000 mm of rainfall per year
at the lowest elevations and up to 7,850 mm at the highest summit. This
contrasts sharply with the Wai‘anae Mountains, which receive only between
750–2,000 mm rainfall per year (Fig. 2) (Frazier et al., 2016).
We predicted that differences in temperature, relative humidity, and rainfall
along elevational gradients would be correlated with the presence or absence
of sporophytes of C. baldwinii. We tested this hypothesis by monitoring
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TABLE 1. The locations, elevations, GPS coordinates, and estimated precipitation for each of seven
populations of Callistopteris baldwinii. Rainfall estimates were generated using the interactive map
provided by the Rainfall Atlas of Hawai‘i: http://rainfall.geography.hawaii.edu/

Station
#

Trail

7
2
6
5
4
1
3

Mt. Ka‘ala
Ewa
Ka‘au Crater
Manoa Cliffs 1
Manoa Cliffs 2
Manoa Falls
Poamoho

Life Stage

Elevation
(meters)

GPS coordinates

Estimated
Precipitation
(mm/year)

Sporophyte
Sporophyte
Gametophyte
Gametophyte
Juvenile
Gametophyte
Juvenile

1094
326
216
469
461
214
585

21830 0 09.0 00 N, 158809 0 01.0 00 W
21830 0 58.7 00 N, 157859 0 00.3 00 W
21818 0 47.0 00 N 157846 0 47.0 00 W
21819 0 39.0 00 N 157848 0 42.0 00 W
21819 0 39.0 00 N 157848 0 39.0 00 W
21820 0 33.1 00 N 157848 0 00.3 00 W
21831 0 52.0 00 N 157857 0 09.0 00 W

1863
2194
2534
3062
3142
3486
4200

environmental conditions near populations of both sporophytes and independent gametophytes of this species on O‘ahu for a year’s duration.
MATERIALS

AND

METHODS

Field sites and microclimate measurements.—For two weeks in the early
summer of 2017, we scouted for populations of C. baldwinii on O‘ahu, both in
locations where sporophytes and/or gametophytes had been previously
observed or collected, and in others where we thought them likely to grow
(based on sharing similar microclimate with the known localities). This
species is not particularly common, and we located only seven suitable
populations in the Wai‘anae and Ko‘olau mountain ranges over approximately
two weeks of searching. Two of these populations included gametophytes and
mature sporophytes, two had gametophytes and juvenile sporophytes
(individuals lacking spores) but no mature sporophytes, and three
populations included only independent gametophytes (Table 1).
At each site, we installed a HOBO micro station (Onset Computer
Corporation, Bourne, MA: product number H21-USB) as close to the
population as possible. Callistopteris baldwinii often grows on exposed soil
banks directly adjacent to hiking trails, making it necessary to conceal the
monitoring stations, in some cases several meters away (maximum of roughly
10 meters in the most extreme case), in order to prevent tampering. We
attached the stations to 1.5 m wooden stakes, which we embedded firmly in
the ground. At the top of each stake, we installed Davis 0.01 00 rain gauge
sensors (Onset Computer Corporation, Bourne, MA: product number S-RGCM002). On the opposite side of the rain gauge, we attached a 12-bit
temperature and relative humidity sensor (Onset Computer Corporation,
Bourne, MA: product number S-THB-M002).
To ensure that sunflecks did not cause aberrant temperature readings, we
retrofitted small umbrellas (made from a wire frame and a waterproof polyester
covering; roughly 12 cm in diameter) above the sensors. These umbrellas did
not impede entry of water into the rain gauges. Measurements from the rain
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gauges were automatic. A small scale—with indentations for collecting water
at both ends—tips whenever its 0.2 mm capacity is reached. The number of
tips is logged, allowing the user to calculate the amount of precipitation that
has occurred within a given time frame. The temperature and relative
humidity sensors were programmed to take measurements every 30 minutes.
We collected data with these devices between June 5th, 2017 and August 6th,
2018 for all seven populations.
Analyses.—The data for temperature and humidity captured by our sensors
were analyzed by day and location to examine the range in daily
environmental conditions experienced by each lifestage. These statistics
include the daily mean, daily maximum, daily minimum, and standard
deviation of the daily mean for both temperature and relative humidity. These
metrics have been used in previous studies to understand microclimatic
differences among populations of fern gametophytes (Chambers and Emery,
2016; Stevens and Emery, 2015). To test for differences between populations
representing different life stages (mature sporophyte, juvenile sporophyte, and
gametophyte-only), we conducted eight separate one-way repeated measures
ANOVA tests, one for each of the four parameters (daily mean, daily
maximum, daily minimum, and standard deviation of daily mean) for both
environmental factors. In each model, we specified location as a repeated
variable, given that climatic conditions were recorded in the same location
over time. We also specified an autoregressive covariance model, which
accounted for the fact that climatic variables near to one another in time would
be more correlated than those recorded farther apart in time. For those models
that indicated statistically significant differences among the three life stages,
we conducted post-hoc Tukey HSD pairwise comparisons to determine which
life stages differed from one another for that parameter.
We also examined the microclimatic differences among field sites by
performing eight separate one-way ANOVA tests, one for each of the four
parameters (daily mean, daily maximum, daily minimum, and standard
deviation of daily mean) for temperature and relative humidity. Significant
models were further explored using post hoc Tukey HSD pairwise
comparisons to determine which pairs of locations differed from one
another. All statistical analyses were conducted in SAS, using SAS
OnDemand for Academics (https://www.sas.com/en_us/software/ondemand-for-academics.html)
Gametophyte identification.—In order to confirm the identity of the
independent gametophytes, we collected a small piece of material from each
population, which was stored in silica gel and returned to our lab at the
University of Florida. We extracted DNA using the DNEasy Plant Mini Kit
(Qiagen, Germany) and sequenced the chloroplast marker rbcL using standard
PCR and sequencing protocols (Pinson and Schuettpelz, 2016; Pinson,
Chambers, and Sessa, 2017). We then performed nucleotide BLAST searches
to identify the sequences; identifications were made based on e-value cutoff
scores returned by the BLAST searches (i.e., the top hit found for each
sequence in the search was determined to be that gametophyte’s closest
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match). Callistopteris apiifolia (Presl) Copel. is the only member of the genus
with nucleotide sequences available on GenBank, but all of our sequences
returned this taxon as their strongest hit. Because there is only one species of
Callistopteris in the Hawaiian Islands, we were confident that our
gametophytes were all C. baldwinii based on these BLAST results (data not
shown but available upon request).
RESULTS
We recorded temperature and humidity data at seven sites in the Wai‘anae
and Ko‘olau Mountains of O‘ahu (Table 1). We recovered 41,010 data points
per population for both temperature and relative humidity for a combined total
of 287,070 data points at all seven sites. The daily average temperature was
21.05 6 0.058C (mean 6 standard error) for gametophyte-only populations,
19.82 6 0.078C in the juvenile population, and 18.55 6 0.078C for mature
sporophytes. All populations had an average daily maximum relative
humidity of more than 99%. Gametophyte-only populations had a daily
average humidity of 95.23 6 0.12%, the juvenile populations had 95.16 6
0.15%, and mature sporophytes had the highest at 96.76 6 0.15%. Because
gametophytes were present both independently and in all sporophyte
populations, they showed the widest variance both in temperature and in
relative humidity (Figs. 3, 4).
Our ANOVA analyses recovered significant differences in all four metrics
(average daily mean (Temperature: F2,2992¼418.92; Humidity: F2,2992¼39.77),
average daily minimum (Temperature: F2,2992¼535.54; Humidity: F2,2992¼20.19),
average daily maximum (Temperature: F2,2992¼14.8; Humidity: F2,2992¼52.83), and
average standard deviation of the daily mean (Temperature: F2,2991¼263.56;
Humidity: F2,2992¼17.96) for both temperature and relative humidity, but the
follow-up pairwise Tukey tests revealed that values were not significantly
different between all pairs of life stages (Figs. 3, 4). Average daily mean
temperature (Fig. 3A), average daily minimum temperature (Fig. 3B), and the
average standard deviation of the daily mean temperature (Fig. 3D) all differed
significantly between all three life stages (all P , 0.0001), but average daily
maximum temperature only differed significantly between gametophytes and
the two classes of sporophytes (juvenile and mature); juvenile and mature
sporophytes did not differ from one another (Fig. 3C). Mature sporophytes
occurred in habitats with the lowest average daily mean temperature values,
and independent gametophytes occurred in the warmest (Figs. 3A–C). Mature
sporophytes also had the highest standard deviation in average daily mean
temperature (Fig. 3D), indicating that they experienced the widest range of
values for this parameter. For relative humidity (RH; Fig. 4), all three life stages
differed significantly from one another in average daily minimum RH (Fig. 4B),
average daily maximum RH (Fig. 4C), and average standard deviation of the
daily mean RH (Fig. 4D; all P , 0.0001), but for average daily mean RH, only
two of the three pairwise comparisons were significant: mature sporophytes
differed significantly from juvenile sporophytes and gametophytes, but the
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FIG. 3. Data for temperature parameters, and results of post-hoc pairwise Tukey tests for the three
different life stages of Callistopteris baldwinii. A) Average daily mean, B) average daily minimum,
C) average daily maximum, and D) average standard deviation of the daily mean. Bars show mean
6 standard error; significant differences among life stages are denoted with an asterisk.

latter two groups were not different from one another (Fig. 4A). Mature
sporophytes experienced significantly (P , 0.0001) lower daily minimum
relative humidities than both juveniles and independent gametophytes (Fig.
4B), but significantly higher average daily mean and average daily maximum
relative humidities (Fig. 4A). As with temperature, mature sporophytes also
had the highest standard deviation in average daily relative humidity (Fig. 4D),
indicating that they experience the widest range of values in these parameters.
Analyses examining climatic differences among locations (Figs. 5, 6)
revealed similar patterns as those observed in the life stage analyses.
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FIG. 4. Data for relative humidity parameters, and results of post-hoc pairwise Tukey tests for the
three different life stages of Callistopteris baldwinii. A) Average daily mean, B) average daily
maximum, C) average daily minimum, and D) average standard deviation of the daily mean. Bars
show mean 6 standard error; significant differences among life stages are denoted with an asterisk.

Specifically, locations were significantly different for all eight climate
parameters, and the results of the Tukey tests revealed that not all locations
were significantly different from one another. With respect to life stage, the
Tukey results suggest that the only climatic factors that differed significantly
between the locations with juvenile or mature sporophytes present and those
without were the mean daily standard deviation in temperature (Fig. 5D) and
the mean daily maximum relative humidity (Fig. 6C). For the remaining sites
and analyses, significant differences among site pairs did not reveal consistent
patterns.
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FIG. 5. Data for temperature parameters, and results of post-hoc pairwise Tukey tests for the seven
populations included in our study. A) Average daily mean, B) average daily minimum, C) average
daily maximum, and D) average standard deviation of the daily mean. Bars show mean 6 standard
error; significant differences among life stages are denoted by different letters.

We were unable to gather direct measurements of precipitation due to
clogging in the rain gauges we installed. As an alternative, we provide
estimates for the average rainfall at each site (Table 1) obtained from the
Rainfall Atlas of Hawai‘i (Frazier et al., 2016), a dataset collated by the
University of Hawai‘i from over 1,000 independently operated rain gauge
stations on all five major islands. These data allow for the estimation of
rainfall at a given coordinate but have several limitations in the context of our
study: most of the measurements were collected between 1978-2007 and thus
are not currently up to date, and the estimates for each of our sites that are
reported in Table 1 also come with a degree of uncertainty that increases the
further away a site is from the rain station we used to estimate rainfall.
Despite these issues, the Atlas is one of the largest weather databases for
Hawai‘i, from which qualitative conclusions can be drawn. Based on these
data, the locations of our two mature sporophyte populations were associated
with the least amount of rainfall (1863 and 2195 mm per year on average),
while independent gametophytes grew in locations with average rainfall
ranging from 2534 mm to 3486 mm per year (Table 1). The high-elevation
juvenile sporophyte population was associated with by far the wettest
conditions, with an average of 4200 mm rainfall per year, while the juvenile
population closer to sea level had a more moderate, but still high annual
average of 3141 mm.
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FIG. 6. Data for relative humidity parameters, and results of post-hoc pairwise Tukey tests for the
seven populations included in our study. A) Average daily mean, B) average daily minimum, C)
average daily maximum, and D) average standard deviation of the daily mean. Bars show mean 6
standard error; significant differences among life stages are denoted by different letters.

DISCUSSION
Callistopteris baldwinii is native to Hawai‘i and grows on all five major
islands. Based on our observations in this study and those of Dassler and
Farrar (1997), mature sporophytes of this species are most common from mid
to high elevations, while juvenile sporophytes and independent gametophyte
populations grow at lower elevations. Additionally, gametophytes can most
often be found interspersed with sporophytes and were present at all seven of
our sampled populations. This observation aligns with data from several
studies showing that the gametophytes of many species are able to withstand a
wider range of environmental conditions—including temperature, light levels,
and drought-like conditions leading to desiccation—than their sporophyte
counterparts (Farrar, 1978; Pinson et al., 2017; Sato and Sakai, 1981; Watkins,
Mack, and Mulkey, 2007). Given that sporulating adults appear to be relatively
uncommon, gametophyte populations for this species are likely largely
maintained by asexual reproduction. Callistopteris baldwinii has ribbonshaped gametophytes, a single individual of which can produce copious
gemmae (asexual propagules that develop directly into new gametophytes;
Emigh and Farrar, 1977). The indeterminate, vegetatively proliferous growth of
these gametophytes, and the production of gemmae, both allow for the growth
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of thick gametophyte mats on exposed rock walls, trail cuts, tree bases, and
rotting logs.
In our analyses, temperature varied significantly between life stages, with
gametophytes inhabiting the warmest environments and mature sporophytes
the coldest (Fig. 3). This trend correlates clearly with changes in elevation:
average temperatures near the base of mountains on O‘ahu are approximately
208C, while the highest elevations are typically 58C cooler (Giambelluca et al.,
2014). Gametophytes are able to survive all along these temperature gradients,
given that we found them at every site we examined, but it remains puzzling
why sporophytes are apparently only able to occupy the higher, colder
elevations. One possibility may be that competition from other plants at the
lower, warmer elevations prevents them from establishing, an idea that could
potentially be tested using transplant experiments of mature sporophytes into
lower-elevation sites.
All populations had average daily relative humidity levels at 95% or higher
(Figs. 4, 6), and there was no difference between the daily average for
gametophytes and juvenile sporophytes. Although the difference was slight,
mature sporophyte locations were correlated with higher relative humidity (P
, 0.0001) than both juveniles and independent gametophytes. However, it
seems unlikely to us that the high humidities experienced by all life stages
would have played any significant role in restricting sporophyte growth at the
lower elevations where the gametophyte-only populations were found; average
daily differences of less than 5% relative humidity seem unlikely to be
biologically meaningful differences for these plants.
There were, however, qualitative differences between populations that may
not have been captured in our direct measurements. The mature sporophyte on
Mt. Ka‘ala, for example, was observed near the mountain’s summit at an
elevation of 1094 m. The flat-topped peak is often shrouded in fog and
supports a lush bog with thick mats of Sphagnum and small trees with
branches covered in filmy ferns, including Sphaerocionum lanceolatum
(Gaud.) Copel. and Mecodium recurvum (Gaud.) Copel. The moisture-laden
air precipitates as dew and fog that condense on the vegetation, adding to the
already high amounts of annual precipitation received at the summit (Verger,
2008). The mature sporophyte along the Ewa trail similarly had the highest
average and maximum relative humidity levels out of all seven populations
(Figs. 6A, 6C). These observations and results are consistent with those of
Dassler and Farrar (1997), who reported mature sporophytes in moist, highelevation environments.
The mature sporophyte populations also consistently showed the largest
standard deviations, in both daily average temperature (Fig. 5D) and daily
relative humidity (Fig. 6D), indicating that they regularly experience the
widest range of conditions in these parameters. This reflects, however, the
substantial differences between the two mature sporophyte populations we
were able to find. The first population was located on the leeward side of the
Ko‘olau Mountains, in Ewa State Preserve, at the relatively low elevation of
326 m (Table 1), and had an average daily temperature of 20.368C, while the
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second population was located near the highest peak of the Wa‘ianae
Mountains (also the highest elevation in our dataset) at 1094 m (Table 1);
this site experienced an average daily temperature of 13.098C. The sporophytes
are thus clearly capable of tolerating a wide range of elevations and
temperature conditions, though individual populations likely do not experience the full range of conditions possible across the range of the mature
sporophytes.
The temperature and relative humidity data for our sporophyte populations
generally concur with the rainfall estimates from the Rainfall Atlas of Hawai‘i
(Frazier et al., 2016). Overall, mature sporophytes occur in sites with moderate
to high amounts of rain. The population with the highest average rainfall of all
seven sites supported juvenile sporophytes growing within extensive
gametophyte mats on a rock surface along the Poamoho trail in the Ko‘olau
Mountains. This was the only population we observed growing on an exposed
rock wall surface. All other populations, both sporophyte and gametophyte,
grew either on vertical soil banks or at the bases of trees. The exposed juvenile
population at Poamoho thus presumably requires more precipitation to
prevent desiccation. According to the Atlas, however, our gametophyte
populations had among the highest average annual precipitation estimates,
even at the two sites less than 30 m in elevation, which is largely in agreement
with our direct observations of relative humidity. The gametophyte-only
population at Manoa Falls, for example, had the second highest precipitation
estimate and the second-highest average relative humidity values of the seven
populations observed in the study, despite being the lowest in elevation. Based
on these results, it seems unlikely that moisture availability alone is the
primary driver of sporophyte production and/or maturity.
We chose to focus solely on environmental conditions in our study, omitting
any analysis of gametophyte morphology, such as the quantification of
gemmae or gametangia, largely because Dassler and Farrar (1997) made a
thorough assessment of these features in their initial study. They observed and
collected these ferns on four Hawaiian Islands over the course of three years,
finding that gametophytes had indeterminate growth and produced copious
gemmae, promoting the asexual maintenance of populations. Additionally,
while they observed antheridia, archegonia, and embryos at all elevations,
these were typically rare and produced by a minority of individuals in a given
population. This does indicate, however, that gametophytes throughout the
Hawaiian Islands are capable of sexual reproduction and at least the initial
stages of embryonic growth. As was the case in this study, however, Dassler
and Farrar showed that sporophytes were absent at low elevations. Dwarfed, or
juvenile, sporophytes (typically small and all lacking spores) were present at
mid-elevations, and sporulating individuals occupied the highest slopes. They
suggested that drier conditions near the base of mountains prevented the
development of sporophytes; over time, this may have led to the inability of
some populations to produce viable sporophytes at all due to the high genetic
load acquired through prolonged asexual reproduction.
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Given that we were only able to locate two mature individuals with spores, it
appears likely that there is little genetic mixing occurring between populations
on O‘ahu. While gametophytes of species from across the fern phylogeny have
been shown to be capable of gametophytic selfing, the resulting juvenile
sporophytes typically senesce quickly, presumably due to the expression of
deleterious alleles (Sessa et al., 2016). Thus, if the populations at lower
elevations were the product of single dispersal events, it is unlikely that
substantial numbers of sporophyte embryos would make it far past the initial
stages of development, even in favorable environments.
CONCLUSIONS
The life stages of Callistopteris baldwinii are spatially separated along
elevational mountain gradients on the Hawaiian Islands. By monitoring
relative humidity and temperature, we showed that there are significant
differences in both of these environmental parameters between gametophyteonly, juvenile, and mature sporophyte populations. However, the exact
mechanism behind the inability of some populations to produce viable,
mature sporophytes remains elusive, and we recommend that future studies
include manipulative common-garden experiments to determine conclusively
whether the differences we found are biologically relevant. The most
surprising of our results were the high levels of relative humidity observed
in some gametophyte-only populations, along with the inferred amounts of
precipitation, which would otherwise seem to be conducive to the production
of sporophytes. In these instances, confounding factors, such as reduced
genetic diversity and high genetic load, may impede successful sexual
reproduction.
Callistopteris baldwinii is far from the only fern in the South Pacific, or even
the Hawaiian Islands, to display such a pattern of spatially-separated
generations. Both Callistopteris apiifolia and Vandenboschia maxima (Blume)
Copel. have a pattern of reduced sporophyte production on the island of
Mo‘orea in French Polynesia, the former specifically in relation to elevational
gradients (Nitta et al., 2017). In Hawai‘i, the endemic fern Hymenophyllum
recurvum Gaudich. is an epiphyte whose gametophytes can occasionally be
found growing in small indentations on basaltic boulders (Farrar, pers.
comm.). Similarly, Vandenboschia cyrtotheca (Hilleb.) Copel. has been
observed growing as both sporophytes and gametophytes in the Ko‘olau
Mountains on O‘ahu, but independent gametophytes were recovered and
identified via isozyme analysis from low elevations in the Wai‘anae Mountains
(Farrar, pers. comm.).
This study represents the first time environmental conditions in the Pacific
have been monitored in an attempt to explain the spatial separation of
sporophytes and gametophytes in some ferns. While the results indicate that
there are significant differences between the life stages in terms of
environmental conditions, further work will be necessary to fully understand
the barriers to sporophyte production in certain, predominantly low-elevation,
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populations. Transplant experiments may be particularly helpful in unraveling the drivers of the spatial separation of generations in these tropical ferns.
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