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Phenology and leaf lifespan of seven fern species in a broad-leaved 
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Ferns could play a dominant group at forest understory. Understanding of ferns’ phenology is an important basis to expose their 
reproduction, ecology, and biology. To reveal the phenology of each fern phenophase, we have monitored the timing of leaf 
emergence/senescence and spore maturation/release of seven dominant fern species in a broad-leaved forest of southeastern 
Taiwan for 3 years. Circular statistics were used to calculate the mean timing of each phenophase. A generalized linear model 
was used to analyze the correlations of climate factors and phenophases. Results showed that those phenophases generally 
exhibited seasonality but were not synchronous among species. The phenophases of these studied ferns were most significantly 
correlated with temperature (73.8%), followed by precipitation (69.0%) and day length (52.4%). Fertile and sterile leaves of 
every species emerged in different seasons except Plagiogyria adnata, whereas different senescence seasons between fertile 
and sterile leaves were only found in Pteris wallichiana and the two dimorphic species, i.e., Bolbitis appendiculata and 
Plagiogyria adnata. Spore maturation and release of most species occurred in September to early October. Our findings 
highlight the phenophase seasonality among species was not synchronous, even located within a small area. In addition to the 
phenophase seasonality, leaf life spans and production of those seven species were also recorded. Fertile/sterile leaf lifespan 
ratios of dimorphic ferns were significantly smaller than those of monomorphic ferns. The number of fertile leaves produced by 
dimorphic ferns was smaller than that of sterile leaves and differed from monomorphic ferns except for Pteris wallichiana. This 
study reveals the phenophase seasonalities and leaf life spans of those seven ferns. The correlations of their phenophases with 
climate factors are also exhibited. Those data provide relevant information for the impact of climate change on ferns’ phenology 
in future studies.

circular statistics, dimorphism, generalized linear model, monomorphism, phenophase.

Plant phenology is the periodic phenomena of plants’ depending on areas and species. Some reports show the 
growth stages and their relationships with biotic/abiotic occurrence of phenophase is at least one time per year, or only 
factors. Therefore, phenological studies are often used to once in several years (Morellato et al. 2000, Sakai 2001, Bawa 
provide important references on plants’ reproduction, et al. 2003, Boyle and Bronstein 2012). Compared to 
ecology, and biology (van Schaik et al. 1993). Plant flowering plants, however, fern phenology has been much less 
phenology has also been applied to crop production, plant studied. Those previous studies show that fern phenophase, 
beauty viewing, and biological awareness promotion (Chung such as leaf emergence/senescence and spore maturation/ 
et al. 2011).  By comparing historical climate records, it has release, of most species exhibits seasonality (Lee et al. 2008, 
also been used as an indicator of climate change (Cleland et al. 2009a, b, 2016, Schmitt and Windisch 2012, Neumann et al. 
2007). 2014). Nevertheless most of those fern phenology studies are 

In the phenological studies, those plant growth stages are only addressed on a single species in a single site and more 
termed as phenophase (or phenological phase), phenological descriptive information than quantitative analysis.
trait, or phenological event (see examples in Hudson and Abiotic factors are relevant for the expression of fern 
Keatley 2010, Schwartz 2013). The phenophases of flowering phenology (Sawamura et al. 2009). Temperature and 
plants is often estimated by the development of their leaves, precipitation are well-known abiotic factors affecting fern 
flowers, and fruits. However, ferns reproduce by spores. phenophase timing. Correlations of these two factors with 
Therefore, the study of ferns’ phenophases addresses the phenophase timing vary among species and in different 
maturation and release of spores in addition to growth stages phases. For example, Landi et al. (2014) found that 
of leaves (Sharpe and Jernstedt 1990, Chiou et al. 2001, Lee et temperature was negatively correlated with occurring time of 
al. 2009a, b). leaf emergence/senescence but positively with spore release in 

Seasonality is one of the most addressed issues of Dryopteris affinis (Lowe) Fras.-Jenk. ssp. affinis and 
phenological studies. It is varied for tropical flowering plants Polystichum aculeatum (L.) Roth. In a subtropical forest of 



northeastern Taiwan, Lee et al. (2009b) reported that with ca. 90% closed canopy and dominated by Castanopsis 
occurrence of fern phenophase was more affected by carlesii (Hemsl.) Hayata, Helicia formosana Hemsl., Litsea 
temperature than by precipitation; On the other hand, acutivena Hayata, and Engelhardtia roxburghiana Wall. (Yi 
correlation values of leaf emergence, expansion, senescence, 2005).
and spore maturation and release with rainfall were higher Seven dominant fern species were selected for this 
than with temperature in a monsoon forest of southern Taiwan phenological study, including Alsophila podophylla Hook. 
(Lee et al. 2016) and in a lower montane Mexican forest (Cyatheaceae), Blechnum orientale L. (Blechnaceae), Bolbitis 
(Mehltreter 2006, Mehltreter and Garcia-Franco 2008). appendiculata (Willd.) J. Sm. (Dryopteridaceae), Cyclosorus 

Species of ferns can be classified as monomorphic or taiwanensis (C. Chr.) H. Ito (Thelypteridaceae), Diplazium 
dimorphic based on the extent of the difference in the shape dilatatum Blume (Athyriaceae), Plagiogyria adnata (Blume) 
and size of these two different leaf types (Wagner and Wagner Bedd. (Plagiogyriaceae), and Pteris wallichiana J. Agardh. 
1977). The seasonality of fern phenophase can also differ (Pteridaceae). Among them, Bolbitis appendiculata and 
between sterile and fertile leaves for both dimorphic and Plagiogyria adnata are dimorphic species, whereas the others 
monomorphic ferns. For example, sterile leaves of Thelypteris are monomorphic.
angustifolia (Willd.) Proctor, a dimorphic fern in Puerto Rico, The investigation was conducted in January 2011 to 
mainly emerged in May to September, whereas its fertile December 2013, and 20~30 mature (with fertile leaves) 
leaves emerged in September to January (Sharpe 1997). individuals of each aforementioned species were selected 
Sterile leaves of Cyathea spinulosa Wall. ex Hook., a (Table 1). Individuals of a species were selected at least 10 m 
monomorphic fern in Yakushima, Japan, mainly emerged in apart to avoid the samples from the same vegetative clones. 
summer, whereas their fertile leaves mainly emerged in spring Leaves were labeled with a plastic tag when they had emerged 
(Nagano and Suzuki 2007). Similarly, lifespans of fertile and and expanded to a sufficient size. Phenophases, including leaf 
sterile leaves may also differ for dimorphic and monomorphic emergence (when new leaf uncoiled) and senescence (when 
ferns. In the former, the lifespan of fertile leaves is totally brown) and spore maturation (when ca.50% of 
significantly shorter than that of sterile leaves, whereas sporangia had turned a dark color) and release (when >50% of 
differences in fertile and sterile leaves among species vary for sporangia were open), were monitored every early month (the 
monomorphic ferns (Mehltreter and Sharpe 2013, Lee et al. date of 1~10 in each month). The lifespan of a leaf was 
2018). However, this discrepancy has often been ignored in determined from its emergence to senescence.
many previous phenological studies. Climate factors—Three climate data were collected. 

On the basis of previous studies, we hypothesize that Temperature and precipitation of the investigation period 
occurrence of fern phenophases are seasonal and correlated (2011~2013) were collected from the Taimalee Weather 
with climate factors but vary to some extent among species. Station (22°36'31"N, 120°56'36"E, asl 850 m) ca. 2 km away 
Additionally, both phenophase seasonality and lifespan of from the survey site. The yearly average temperature was 
fertile and sterile leaves are different in dimorphic ferns but 18.8°C, the highest monthly temperature was 23.2°C (in July), 
vary in monomorphic ferns. Therefore, in this study, the and the lowest monthly temperature was 13.5°C (in January). 
phenological phases of two dimorphic and five monomorphic The annual precipitation was 3,612 mm, the minimum 
fern species growing in a southeastern forest of Taiwan were monthly one in winter was 37 mm (in January), and the 
monitored to reveal : (1) if the phenophase of these sympatric monthly one in summer was from 402 to 814 mm (Fig. 1). 
ferns exhibits the same seasonality; (2) if there are correlations Another climate data, day length, were collected from 
of their phenological seasonality with climate factors; and (3) the Taitung Weather Station (22°45'15"N, 121°08'
if there are differences of lifespan and phenological 48"E, asl 9 m), with a similar latitude of this studied site 
seasonality between their fertile and sterile leaves. (http://www.cwb.gov.tw/). Pearson’s correlation coefficients 

were used to analyze correlations among temperature, 
MATERIALS AND METHODS

precipitation, and day length.
Study site, species, and monitoring methods—The study Statistical analysis—We have followed Zar’s (2010) formula 
site is located in southeastern Taiwan (22°37'17"N, for converting dates to an angular direction.
120°56'11"E, asl 1,100~1,200 m) and is in an experimental a = ((360°)(X)) / k 
forest, managed by the Taimalee Research Center of the 

where a = angular direction, X = Julian days, k =365 (or 
Taiwan Forestry Research Institute (TFRI). The vegetation of 

366 in leap year)
this forest is categorized as the Machilus-Castanopsis type 

Monitoring dates were first transferred to Julian days, 
(Su 1984), and the climate belongs to the Cwa type (warm 

e.g., 1 Jan = 1 day; 5 Mar = 64 or 65 days, depending on 
temperate with dry winter and hot summer; Kottek et al. 

whether it was a common year or leap year. Every occurrence 
2006). The detail climate data are described at below climate 

date of a phenophase was transformed to a corresponding 
factors section. This broad-leaved forest (ca. 500 ha) is mature 
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angle, and then circular statistics were used to calculate the month (mean date). For example, assuming the mean angle of 
mean angle a and vector r (Zar 2010, Morellato et al. 2010, a phenophase is 192 degrees, the Julian day is 195, and then 
Jammalamadaka and SenGupta 2001). The vector r, which transferred to mean date (12 July).
ranged 0~1, represents the concentration tendency of the The Watson-Williams test was used to analyze the 
angle: 0 indicates that phenophase dates are uniformly significance of differences of mean angle (a) among species, 
scattered, whereas 1 indicates complete concentration to the phenophases and between sterile and fertile leaves for 
mean angle. The Rayleigh test (Jammalamadaka and Sen emergence and senescence in each species. Species were 
Gupta 2001) was used to detect the significance (angle categorized to the same seasonal group if their mean angles of 
concentration) of vector r  value. a phenophase did not significantly differ. The vector r of a 

species not being significant based on Rayleigh test (p>0.05) 
indicated that this phenophase was non-seasonal and that 
species was grouped independently. Equal Kappa test 
(Jammalamadaka and Sen Gupta 2001) was used to analyze 
the significance of differences of vector r between sterile and 
fertile leaves for emergence and senescence.

Correlations of climate factors with phenophase were 
analyzed with a generalized linear model (GLM; Dobson 
and Barnett 2008). Each climate factor (independent variable, 
X) corresponded to a phenophase parameter (dependent 
variable, Y, fitted by a Poisson distribution), resulting in a 
regression line with coefficient β and standard error (SE). The 
significance of the regression was tested by the z ratio (β/SE) 
on the basis of a normal reference distribution.

A one-way ANOVA was used to test for significant 
differences among different species’ fertile- and sterile-leaf 
life spans. A two-way ANOVA was used to test for significant 
differences of fertile/sterile lifespan ratios among different 
species.

RESULTS
Fig. 1— Average monthly temperature (AMT [°C] and AMD [hrs], left 
axis) and average monthly precipitation (AMP, mm, right axis) in Most phenophases of 7 studied ferns were seasonal but 
Taimalee, southeastern Taiwan in 2011~2013: a. monthly average of nonsynchronous among them. Seasonality of phenophases 
three years, b. data of each year. Data collected from Taimalee 

were not significantly different across years (data not shown), Weather Station of Taiwan Forestry Research Institute (22° 36'31"N, 
120°56'36"E, asl 850 m). Arrows indicate that the monthly precipitation but correlated with climate factors to some extent. Sterile and 
less than the predicted evaporation (AMT*2). fertile leaves generally had discrete seasonality and their life 

After the mean angle was assessed, the mean date was spans were significantly different in dimorphic species but 
computed through the circular statistic equation: Julian days = diverse in monomorphic species.
mean angle × (365 days/360°), and then transferred to a day- Seasonality of leaf emergence—A total of 996 sterile leaves 

Table 1— Total plant and leaf numbers of phenological phases of each species monitored in Taimalee, southeastern Taiwan in 2011–2013. 
Nf/Ns is the ratio of the numbers of fertile and sterile leaves.

Species                            Emergence                                Senescence                              Spore

# of plants Sterile Fertile (Nf/Ns) Sterile Fertile Mature Release

Alsophila podophylla 24 32 157 (4.91) 22 103 168 165

Blechnum orientale 25 88 195 (2.22) 42 70 179 180
1Bolbitis appendiculata 30 213 155 (0.73) 14 119 113 117

Cyclosorus taiwanensis 24 179 376 (2.10) 169 332 372 359

Diplazium dilatatum 21 48  52 (1.08) 30 74 55 62
1Plagiogyria adnata 24 190  37 (0.19) 70 25 27 26

Pteris wallichiana 20 246  85 (0.35) 218 70 74 72

Total 168 996 1057 565 793 988 981

1
 Dimorphic species.
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and 1057 fertile leaves emerged during the 3 years of 
monitoring (Table 1). Details of each phenophase of every 
species are shown in Fig. 2-1. The seasons of emergence of 
sterile leaves were categorized into three groups. Mean dates 
of sterile-leaf emergence of C. taiwanensis and Plagiogyria. 
Plagiogyria adnata were in early April (group A); Bolbitis 
appendiculata in late April (B); the other four species in mid-
July to mid-August (C).

The seasons of emergence of fertile leaves were classified 
into five groups (Fig. 2-1b). Mean dates of fertile-leaf 
emergence of Blechnum orientale and Pteris wallichiana 
were in February (group A), Plagiogyria  adnata in late March 
(B); D. dilatatum in late May (C), C. taiwanensis and Bolbitis 
appendicular in late July to early August (D). The vector r of 
fertile leaves of all other species were significant (p<0.05, 
Rayleigh test) except for A. podophylla, which was inferred to 

Fig. 2-2—The seasonality of different phenological phases of seven have non-seasonality for this phenophase (Fig. 2-1b).
fern species in Taimalee, southeastern Taiwan. Phenophases: a. 
sterile-leaf senescence, b. fertile-leaf senescence. The graph symbols 
are indicated in Fig. 2-1.

Fig. 2-3—The seasonality of different phenological phases of seven 
fern species in Taimalee, southeastern Taiwan. Phenophases: a. 
spore maturation, b. spore release. The graph symbols are indicated in 
Fig. 2-1.

Fig. 2-1—The seasonality of different phenological phases of seven 
Comparing mean angles (a) of leaf emergence between fern species in Taimalee, southeastern Taiwan. Phenophases: a. 

sterile and fertile leaves of these monitored species, only the a sterile-leaf emergence, b. fertile-leaf emergence. The numbers in 
of Plagiogyria adnata showed no significant difference. circular graphs (left) mean species: Alsophila podophylla (1), 

Among the other six species, fertile leaves of A. podophyla, Blechnum orientale (2), Bolbitis appendiculata (3), Cyclosorus 
taiwanensis (4), Diplazium dilatatum (5), Plagiogyria adnata (6), and Blechnum orientale, D. dilatatum, and Pteris wallichiana 
Pteris wallichiana (7). The colors in left circular graphs mean different emerged significantly earlier, i.e., with smaller a, than their 
phenophase groups. Numbers from center direct the mean angles and sterile leaves. The situation was reversed for Bolbitis 
distance mean the vector r  (the value show on the Fig. 2-1a). Groups appendicular and C. taiwanensis, i.e., sterile leaves emerged 
of each phenophase are determined by Watson-Williams tests and significantly earlier than fertile leaves (Fig. 3). Examining the 
shown by different colors (A: black, B: red, C: green, D: blue, E: cyan). 

angular dispersion of leaf emergence, the vector r value of 
The group E in fertile-leaf emergence (b) are non-significances by 

sterile leaves of A. podophylla was significantly larger (with a 
Rayleigh test of vector r (see methods in detail). The colors in line 

more-concentrated occurrence) than its fertile leaves, whereas graphs (right) indicate different species, which represented by 
those of Plagiogyria adnata and Pteris wallichiana were numbers (as above shown); the letters following those numbers 
significantly smaller. There was no significant difference for indicate the phenophase groups (as above shown). The axis-Y unit of 
the other four species (Fig. 3).line graphs is the number of leaves per plant in 2011~2013.
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Seasonality of leaf senescence—During the 3-year taiwanensis, and D. dilatatum did not significantly differ. The 
monitoring, senescence of 1358 leaves was recorded (Table fertile-leaf senescence of Bolbitis appendiculata occurred 
1). Seasons of senescence of sterile leaves were categorized earlier, i.e., with a smaller a value, than its sterile leaves, 
into three groups (Fig. 2-2a). The mean date of sterile-leaf whereas the latter was earlier than the former in Plagiogyria 
senescence of C. taiwanensis was in late July (group A); and adnata and Pteris wallichiana (Fig. 3). The vector r value of 
those of Blechnum orientale, D. dilatatum, and Plagiogyria every species, except Pteris wallichiana, did not significantly 
adnata were in early September to early October (B). The differ in the senescence between their sterile and fertile leaves. 
vector r of the other three species were not significant (p>0.05 In Pteris wallichiana, the vector r value of fertile leaves was 
in Rayleigh test), and they were clustered into group C. larger (more concentrated) than that of its sterile leaves (Fig. 3).
Seasons of senescence of fertile leaves were categorized into Spore maturation and release—Mean dates of both spore 
four groups (Fig. 2-2b). The mean date of fertile-leaf maturation and release were classified into four groups (Fig. 2-
senescence of Bolbitis appendiculata was in mid-June (group 3). They were in early May and early June, respectively, for 
A); those of C. taiwanensis and Pteris wallichiana were in late Pteris wallichiana (group A); mid-August and early 
July to early August (B); that of Blechnum  orientale was in September, respectively, for Blechnum  orientale (B); early to 
early September (C); and those of the other three species were mid-September and late September to early October, 
in early October to early November (D). respectively, for A. podophylla, C. taiwanensis, D. dilatatum, 

The mean angles (a) of leaf senescence between sterile and and Plagiogyria adnata (C); and early October and late 
fertile leaves of A. podophylla, Blechnum orientale, C. November, respectively, for Bolbitis appendiculata.

Fig. 3- Comparison of mean angle a (axis-Y of a, b) and vector r (axis-Y of c, d) of emergence (a, c) and senescence (b, d) phenophases between 
sterile (black bars) and fertile leaves (grey bars) of seven species. Significant differences were analyzed by the Watson-Williams test for mean angle 
and Equal Kappa test for vector r (*: p < 0.05; ns: p > 0.05). Numbers on axis-X indicate the given species:1, Alsophila podophylla; 2, Blechnum 
orientale; 3, Bolbitis appendiculata; 4, Cyclosorus taiwanensis; 5, Diplazium dilatatum; 6, Plagiogyria adnata; 7, Pteris wallichiana. Fig. 3- 
Comparison of mean angle a (axis-Y of a, b) and vector r (axis-Y of c, d) of emergence (a, c) and senescence (b, d) phenophases between sterile 
(black bars) and fertile leaves (grey bars) of seven species. Significant differences were analyzed by the Watson-Williams test for mean angle and 
Equal Kappa test for vector r  (*: p < 0.05; ns: p > 0.005). Numbers on axis-X indicate the given species:1, Alsophila podophylla; 2,Blechnum orientale; 
3, Bolbitis appendiculata; 4, Cyclosorus taiwanensis; 5, Diplazium dilatatum; 6, Plagiogyria adnata;  7, Pteris wallichiana.

42 The International Journal of Plant Reproductive Biology 13(1) Jan., 2021, pp.38-49



Correlations of climate factors with phenophases— High (73.8%) were significantly correlated with AMT; 29 (69%) 
correlations were found between different climate factors. with AMP; and 22 (52.4%) with AMD. Detail correlations 
They were 0.86** between average monthly temperature between the phenological phases and climate factors were 
(AMT) and average monthly day length (AMD), followed by shown in Table 2.
0.65** between AMT and average monthly precipitation Leaf lifespan—Leaf life spans differed depending on the 
(AMP) and 0.52**between AMP and AMD. Among 42 species and leaf fertility. Life spans of sterile and fertile leaves 
phenological phases (6 phases × 7 species) of this study, 31 of different species were classified into different groups based 

Table 2— Coefficients (β) of the generalized linear model (GLM) between phenological phases and environmental factors. The significant test of 

the z ratio (β/standard error (SE)) was based on a normal reference distribution (* p< 0.05; ** p< 0.01; ns p> 0.05). Phenological phases include 
sterile leaf emergence (1), sterile leaf senescence (2), fertile leaf emergence (3), fertile leaf senescence (4), and spore maturation (5) and release 

(6). AMT, average monthly temperature; AMP, average monthly precipitation; AMD, average monthly day length.

Species Phases AMT(SE) AMP(SE) AMD(SE)

Alsophila podophylla 1 0.40(0.09)** 0.06(0.02)** 35.0(7.55)**

2 0.03(0.06)ns 0.04(0.03)ns -0.79(5.49)ns

3 -0.01(0.02)ns 0.02(0.01)* 1.15(2.05)ns

4 0.10(0.03)** 0.04(0.01)** 0.62(2.54)ns

5 0.14(0.02)** 0.02(0.01)** 7.24(2.04)**

6 0.09(0.02)** 0.01(0.01)ns 3.42(2.02)ns

Blechnum orientale 1 0.16(0.04)** 0.01(0.01)ns 12.76(2.98)**

2 0.09(0.05)ns 0.04(0.016)** 1.71(3.98)ns

3 -0.07(0.02)** -0.04(0.01)** -3.52(1.9)ns

4 0.13(0.05)** 0.04(0.02)* 7.54(3.95)ns

5 0.32(0.03)** 0.06(0.01)** 20.9(2.44)**

6 0.23(0.03)** 0.04(0.01)** 12.9(2.14)**

1 -0.03(0.02)ns -0.03(0.01)* 7.45(1.99)**

Bolbitis appendiculata 2 0.01(0.08)ns 0.01(0.03)ns -1.46(7.15)ns

3 0.49(0.05)** 0.06(0.01)** 37.6(3.83)**

4 0.08(0.03)** 0.03(0.01)* 7.87(2.53)**

5 0.14(0.03)** 0.01(0.01)ns -1.48(2.48)ns

6 -0.08(0.03)** 0.001(0.01)ns -20.0(2.98)**

Cyclosorus taiwanensis 1 -0.04(0.02)ns -0.02(0.01)* 1.54(1.93)ns

2 0.07(0.02)** 0.03(0.01)** 5.18(2.01)**

3 0.18(0.02)** 0.04(0.01)** 13.9(1.46)**

4 0.13(0.02)** 0.03(0.01)** 8.96(1.47)**

5 0.10(0.02)** 0.03(0.01)** 4.64(1.35)**

6 0.06(0.02)** 0.02(0.01)** 1.43(1.36)ns

Diplazium dilatatum 1 0.34(0.07)** 0.03(0.02)ns 22.8(4.76)**

2 0.09(0.06)ns 0.01(0.02)ns 0.04(4.7)ns

3 0.07(0.04)ns 0.02(0.02)ns 14.6(3.97)**

4 0.07(0.03)* 0.02(0.02)ns -0.45(2.99)ns

5 0.20(0.05)** 0.09(0.01)** 5.97(3.53)ns

6 0.07(0.04)ns 0.05(0.01)** -0.72(3.27)ns

Plagiogyria adnata 1 -0.10(0.02)** -0.02(0.01)* -0.92(1.87)ns

2 0.24(0.04)** 0.08(0.01)** 10.9(3.27)**

3 -0.27(0.06)** -0.11(0.04)** -7.81(4.38)ns

4 0.05(0.06)ns 0.05(0.02)* -10.3(5.46)ns

5 0.54(0.13)** 0.03(0.02)ns 22.3(6.28)**

6 0.27(0.08)** 0.03(0.02)ns 5.22(5.12)ns

Pteris wallichiana 1 0.14(0.02)** 0.04(0.01)** 8.38(1.87)**

2 -0.03(0.02)ns -0.004(0.01)ns -2.62(1.85)ns

3 -0.22(0.04)** -0.09(0.02)** -19.74(3.63)**

4 0.38(0.06)** 0.06(0.01)** 27.6(4.5)**

5 0.16(0.04)** 0.05(0.01)** 27.64(4.47)**

6 0.21(0.04)** 0.06(0.01)** 29.51(4.73)**
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on the significant test among them (Table 3). Only fertile At our site in south eastern Taiwan, the significant 
leaves of dimorphic species, i.e., Bolbitis appendiculata and values of vector r indicate that leaves of all monitored 
Plagiogyria adnata, had significantly shorter life spans than species emerged in specific seasons, except fertile leaves of 
sterile ones. Lifespan ratios of fertile/sterile leaves of these A. podophylla. The climate of this region belongs to the 
two dimorphic ferns were significantly lower than those of “Warm temperate with dry winter and hot summer” (Cwa 
other monomorphic species (Table 3). typein Köppen-Geiger classification; Kottek et al. 2006). 

Time intervals of different phenophases of fertile leaves The vector r of fertile-leaf emergence of A. podophylla was 
are shown in Table 4. The intervals ranged from 2.3 mo not significant, probably resulting from two different main 
(Bolbitis appendiculata) to 5.2 mo (Plagiogyria adnata) emergent seasons (cool and warm) and some scattered 
between emergence and spore maturation and were about 1 emergences in other months (data not shown). However, 
mo between spore maturation and release. However, durations at other sites ca. 250~300 km away in northern and 
from spore release to leaf senescence sharply varied from 1.8 northeastern Taiwan (with a Cfa type of climate, warm 
mo (Pteris  wallichiana) to 23.3 mo (A. podophylla) (Table 4). temperate climate with fully humid and hot summer; Kottek 

et al. 2006), fertile leaves of A. podophylla mainly emerge in 
DISCUSSION

winter to early spring (Lee et al. 2009a, b). This study reveals 
Seasonality of leaf emergence—Seasonality is the most that the seasonality of fern leaf emergence depends on the 
frequently addressed issue in phenological studies and has been species and also leaf fertility, i.e., sterile or fertile leaves, and 
documented in both temperate and tropical regions. For is affected by climate factors in different regions. Sterile 
example, leaves of two Botrychium species, growing in leaves may emerge earlier (cooler season), later (warm 
temperate North America, emerge in spring and release their season), or close (such as Plagiogyria adnata) to that of the 
spores mainly in warmer season (Johnson-Groh and Lee 2002); emergence of their fertile leaves. The relevance for 
in a tropical forests of southern Taiwan and South America, ecology/evolution regarding these different emergent 
phenophases, including leaf production and fertility, occur in seasons between sterile and fertile leaves needs to be further 
the wet season (e.g. Lee et al. 2016, De Paiva Farias et al. 2018). explored.

Table 3—Average life spans (months ± SD) of fertile and sterile leaves of 7 fern species at Taimalee, southeastern Taiwan

Sterile leaves Fertile leaves Difference Fertile/Sterile
2

leaves lifespan ratio

1 1
Species # Lifespan # Lifespan

Alsophila podophylla 8 26.5±12.7 A 76 27.9±10.7 A +1.1ns 1.05 A

Blechnum orientale 23 22.1±11.5 A 60 23.3±8.4 B +1.2ns 1.05 A
3

Bolbitis appendiculata 20 19.3±11.5 A 153 7.5±2.9 D -11.8** 0.39 B

Cyclosorus taiwanensis 148 13.8±4.3 B 342 12.7±3.8 C -1.1ns 0.92 A

Diplazium dilatatum 27 25.2±10.5 A 60 26.2±7.8 A +1.0ns 1.04 A
3

Plagiogyria adnata 57 25.4±11.6 A 29 8.2±3.0 D -17.2** 0.32 B

Pteris wallichiana 277 4.2±1.7 C 108 5.2±1.5 E +1.0ns 1.24 A

1. Test of one-way analysis of variance (ANOVA). The same letter in the same column indicates no significant difference among those
 species.

2 . Test of two-way ANOVA. The same letters in the same column indicates no significant difference among those species.
3 . Dimorphic species.

Table 4—Time intervals (mo ± SD) of fertile leaves from emergence to senescence of the 7 fern species at Taimalee, southeastern Taiwan. 
Number in parenthesis indicates recorded leaf number. 

Species Emergence to maturation Maturation to release Release to senescence

Alsophila podophylla 5.1±1.5(218) 1.4±1.1(213) 23.3±9.3(71)

Blechnum orientale 5.1±1.7(220) 1.0±1.0(222) 18.3±7.5(56)

Bolbitis appendiculata 2.3±1.3(220) 1.4±1.4(146) 5.0±2.9(100)

Cyclosorus taiwanensis 2.4±1(474) 0.7±0.9(469) 10.1±3.8(336)

Diplazium dilatatum 3.4±1.1(86) 0.6±0.9(86) 22.8±7.2(57)

Plagiogyria adnata 5.2±0.9(29) 0.8±0.9(28) 2.9±2.6(22)

Pteris wallichiana 3.4±1.1(107) 0.4±0.6(100) 1.8±0.9(84)

Average 3.4±1.8 (1354) 0.9±1.1 (1264) 11.1±8.5 (726)
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Seasonality of spore maturation/release—This study al. 2014). Volkova et al. (2011) pointed out that low 
showed that spore maturation and release of every species temperatures limit photosynthesis. In spring when the 
were mainly concentrated in one specific season of each year. temperature rises, increasing carbohydrates produced by 
These phenomena are also found in Mexico (Mehltreter and photosynthesis benefit the emergence of new leaves (Braun 
Palacios-Rios 2003), southern Brazil (Schmitt and Windisch 1984). The leaf growth and development with temperature 
2012), central Italy (Landi et al. 2014), and some regions of increasing was also shown by Odland (1995). When 
Taiwan (Lee et al. 2009a, b, 2016). Spores of most species temperature increases and leaves expand fully, their net 
observed in this study, except for Pteris  wallichiana, mainly photosynthesis reaches a maximum. For example, leaves of 
matured in late summer to autumn. That is similar to Culcitam Dryopteris filix-mas (L.) Schott mostly emerge in June when 
acrocarpa C. Presl and Woodwardia radicans (L.) Sm. on Sao the day length is the longest of the year, and the maximum net 
Miguel Island, in the Azores Archipelago. A temperature photosynthesis rate occurs during August to October when 
decrease and/or a humidity increase postpone the liberation of leaves are fully developed (Bauer et al.1991). Therefore the 
their spores (Arosa et al. 2009). In this study, spores were long day length and subsequent rise in temperature are 
mainly released in a season with higher temperatures and high inferred to support highly efficient photosynthesis, which 
precipitation. Because indusia/sporangia do not easily open in benefits fern growth and spore production. On the other hand, 
humid condition (Schneller 1995, Arosa et al. 2009, Poppinga some phenophases were significantly negatively correlated 
et al. 2015), spores are probably mainly liberated during dry with temperature, such as leaf emergence of Plagiogyria 
intervals between rainy days. The warm-humid season adnata (both fertile and sterile), Blechnum orientale (fertile), 
provides adequate temperature and sufficient water that favor and Pteris wallichiana (fertile). Low temperatures in those 
those released spores to germinate and subsequent periods of leaf emergence result from short day lengths and 
gametophyte growth (Walker and Sharpe 2010, Huang et al. were inferred to facilitate the emergence of those leaves (and 
2019). It is interesting that the season of spore maturation/ see below).
release of Pteris wallichiana was relatively earlier than those Effects of day length on phenophase were previously 
of other species, and the durations of spore maturation and reported. Harvey and Caponetti (1972) found that short light 
release were surprisingly short (average < 2 wks). exposure stimulates the emergence of fertile leaves of 
Seasonality of leaf senescence—Leaf senescence is closely Osmundastrum cinnamomeum (L.) C. Presl. In this study, the 
related to available water for plants, especially in tropical dry emergence of fertile leaves of pteris wallichiana was 
forests (Van Schaik et al. 1993, De Vasconcelos et al. 2010).  significantly negatively correlated with day length. The above 
In forests with sufficient water or no distinct dry-wet seasons, two species are mainly distributed in temperate and tropical 
the phenology with inter annual variations or asynchrony regions, respectively, but both are with high correlations of a 
possibly results from innate physiology, because water is not a short day length (light exposure) and fertile-leaf emergence. 
limiting factor therein (Zalamea and Gonzalez 2008). In a The significance of this to ecology/evolution is interesting but 
region with a Mediterranean climate, the phenology of unclear. On the other hand, more fertile leaves being produced 
Polystichum aculeatum (L.) Roth ex Mert. varied in different in the period of long day length than in that with a short day 
years and was inferred to result from innate physiology (Landi length was also found in some species (e.g., Odland et al. 
et al. 2014). In this study, the vector r of leaf senescence were 2004, Schmitt and Windisch 2012). In this study, the sterile-
not significant for a few species, i.e., group C of sterile leaves, leaf emergence of five species, fertile-leaf emergence of three 
revealing their scattered occurrence (Pteris wallichiana [n = species, and spore maturation of five species were 
218]) or probably due to small sample sizes (A. podophylla [n significantly positively correlated with day length. A longer 
= 22] and Bolbitis appendiculata [n = 14]). Correlations of leaf day length results in higher temperatures, which increase the 
senescence and climate factors were less significant, and the photosynthesis rate to produce more carbohydrates for leaf 
more-asynchronous occurrences in different years (data not and spore production (Braun 1984, Watkins et al. 2016).
shown) revealed that climate factors less affected leaf Precipitation is another climate factor frequently 
senescence, compared to leaf emergence and spore addressed in phenological studies. In regions without a 
maturation/release. Innate biotic factors, e.g., ageing (Thomas distinct dry season, water in the habitat is not a limiting factor 
2013) and nutrient (Tani and Kudo 2003), may also play an for plant growth, and precipitation is less correlated with 
important role in leaf senescence. phenology as for those ferns in a humid forest in northeastern 
Correlations of climate factors with phenophases— Taiwan (Lee et al. 2009b). In regions with an obvious 
Temperature, precipitation, and day length of this study are alternation of dry and wet seasons, on the other hand, 
each with very high correlations. Temperature is more precipitation plays an important role in plant growth and is 
significantly correlated to the phenophases than the others. significantly correlated with seasonality of most phenophases, 
This study demonstrated that phenophases mostly occur in the such as in a monsoon forest of southern Taiwan (Lee et al. 
warmer season, as presented in many previous studies (e.g. 2016). In this study site, although the AMP was higher than the 
Lee et al. 2009a, b, Schmitt and Windisch 2012, Neumann et potential evaporation (temperature degree × 2) in most 
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months, the precipitation is relatively less in the cooler season. of monomorphic ferns differed from dimorphic ferns, and 
There were still ca. 70% phenological events significantly were more than (or close to) their sterile leaves, except in 
correlated with precipitation. Among them, ca. 20% (6/29) Pteris wallichiana. Fertile leaves of monomorphic ferns live 
including sterile-leaf emergence of three species and fertile- for much longer periods of time than those of dimorphic ferns, 
leaf of three species, occurred early in the year (cooler season) similar to most other monomorphic species (Lee et al. 2018). 
and were significantly negatively correlated with Fertile leaves of dimorphic ferns (hemidimorphic species 
precipitation. There may be a complex interaction of chilling excluded) have narrow blades and die soon after investing 
and short day length requirements. Controlled experiments are energy in producing spores (Watkins et al. 2016), whereas 
necessary to reveal the affecting factors, as demonstrated by fertile leaves of monomorphic ferns have similar sizes to 
Sharpe and Shiels (2014) that simulated canopy openness and sterile leaves and can conduct photosynthesis continuously 
debris deposition effects on fern community structure, growth after releasing spores. Therefore, greater numbers of fertile 
and spore production. leaves in monomorphic ferns benefit both reproduction and 

Sterile vs. fertile leaves—Fertile and sterile leaves of nourishment.
dimorphic ferns differ in their outline and size (Wagner and Similar ratios of fertile and sterile leaves of D. dilatatum 
Wagner 1977), and also their life spans (Sharpe 1997, (Nf/Ns=1.08) were also found in a tropical monsoon forest of 
Mehltreter and Palacios-Rios 2003, Mehltreter and Sharpe Taiwan (Nf/Ns=0.91; Lee et al.2016). However that ratio is 
2013, Lee et al. 2009b). This study showed that fertile/sterile much smaller than that found in a subtropical forest of Taiwan 
lifespan ratios of dimorphic ferns were < 0.39, which was (Nf/Ns=7.15; Lee et al. 2009b). The plants selected in those 
significantly smaller than that of monomorphic ferns (Table studies that are the same as for this study according to the 
3). In a previous study, Chiu et al. (2013) compared method were mature, i.e., with both sterile and fertile leaves. 
fertile/sterile lifespan ratios (0.10~0.20 vs. 0.83~1.20) of The climate factors and other abiotic factors, such as soil 
dimorphic and monomorphic fern species and inferred that moisture and nutrients among those regions are necessary to 
low ratios of dimorphic ferns result from the lower C/N ratios explore and analyze to reveal their correlations with these 
of fertile leaves. Area of fertile leaves of dimorphic ferns are different phenomena. In addition, the inner factor, the plant 
smaller and thus have less photosynthetic products and lower size (referred by caudex diameter), is probably one of the 
C/N ratios, which are important reasons for the shorter life reasons resulting in this disparity, because the fertile-leaf 
spans (Karst and Lechowicz 2007). Fertile leaves of number in some species is directly proportional to the plant 
dimorphic ferns invest much energy in producing spores size (Huang et al. 2008, Lee et al. 2010).
(Watkins et al. 2016), and that is probably also one of the Many phenological phenomena of Pteris wallichiana are 
reasons resulting in their shorter life spans. distinct from those of other monomorphic ferns. Its average 

Phenological phenomena may also differ between sterile short lifespan (5.2/4.2; fertile/sterile), short spore release time 
and fertile leaves for both monomorphic and dimorphic ferns. (0.4mo), rapid senescence after spore release (1.8mo), and low 
In this study, the emergence seasons of fertile leaves differed fertile/sterile leaf ratio (0.35) are more similar to those of 
from those of sterile leaves in both monomorphic and dimorphic ferns in this study and also to the same species 
dimorphic ferns, except for Plagiogyria adnata. This studied in a subtropical forest (6.1/5.1, 1.7mo, 1.3mo, and 
phenomenon was also found in northern and northeastern 0.40, respectively; Lee et al. 2009b). Watkins et al. (2016) 
forests of Taiwan (Lee et al. 2009a, b). In a tropical monsoon revealed that the respiration rate of fertile leaves is 
forest of Taiwan, the emergence times of fertile and sterile significantly higher than that of sterile leaves of dimorphic 
leaves of 13 monomorphic ferns, however, did not ferns and results in their smaller leaf numbers and shorter life 
significantly differ, although fertile leaves emerged in a more- spans. High respiration rates of both fertile and sterile leaves 
concentrated period (Lee et al. 2016). Different seasons of of Pteris  wallichiana are therefore, inferred due to their short 
senescence between sterile and fertile leaves were found for life spans and smaller numbers of fertile leaves. And also, 
Pteris wallichiana (monomorphic) and Bolbitis photosynthetic productivity negatively correlated to leaf life 
appendiculata and Plagiogyria adnata (dimorphic) because spans (Matsuki and Koike 2006). Therefore we suggest that 
of short fertile leaf life spans (of less than 8.2 mo). the leaves with shorter lifespan have higher photosynthetic 

Previous studies (Sharpe and Jernstedt 1990, Mehltreter productivity in Pteris wallichiana.
and Palacios-Rios 2003, Sharpe 1997, Lee et al. 2009b, 

CONCLUSION
Watkins et al. 2016, de Paiva Farias et al. 2018) and this study 
revealed that numbers of fertile leaves were on average less In general, these phenophases of this study occurred in a 
than sterile leaves for dimorphic ferns. This comparison for specific season, but were not necessarily synchronous among 
monomorphic ferns, however, was only reported in very few species. These species can be categorized into several groups 
studies (e.g. Lee et al. 2009b, 2016, De Paiva Farias et al. according to the occurrences of different phenophases. 
2015). Results of this study show that numbers of fertile leaves Although three climatic factors in this study site are highly and 
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mutually correlated, occurrence timing of phenophases were Chiou WL, Lin JC and Wang JY 2001. The phenology of 
most significantly correlated with temperature followed by Cibotium taiwanense (Dicksoniaceae). Taiwan J. For. 
precipitation and daylength. Results of differences in life Sci. 16(4) 209–215.
spans and seasonality between fertile and sterile leaves point 

Chiu TY, Chiou WL and Huang YM 2013. Phenological 
out the necessity to separate the fertile leaves from sterile 

differences between sterile and fertile fronds in a 
leaves when monitoring fern phenology, especially on 

dimorphic fern, Osmundastrum cinnamomeum (L.) C. monomorphic ferns, that were mostly ignored in many 
Presl (Osmundaceae). Taiwan J. Biodivers.15(4) previous researches. The seasonality of fern phenophases and 
311–322. [in Chinese with English abstract]correlations of them with climate factors exhibited in this 

study provide relevant information in future studies for impact Chung U, Mack L, Yun JI and Kim SH 2011. Predicting the 
of climate change on ferns’ phenology. In addition to climate timing of cherry blossoms in Washington, DC and mid-
factors, other abiotic factors, such as soil conditions (Odland Atlantic states in response to climate change. PLoS ONE 
1995, Walker and Aplet 1994), and biotic factors, such as 6(11) e27439. doi:10.1371/journal.pone.0027439.
insect/fungus infection (Sawamura et al. 2009, Meltreter 

Cleland EE, Chuine I, Menzel A, Mooney HA and Schwartz 2010) are worth to explore to understand their influence on 
MD 2007. Shifting plant phenology in response to global fern phenology. Climate change has been a global issue, and 
change. Trends Ecol. Evol. 22(7) 357–365.plant phenology has been suggested to be affected by it 

(Wielgolaski and Inouye 2013). This monitoring was De Vasconcelos SF, de Araujo FS and Lopes AV 2010. 
conducted across three years. Although plenty of phenologic Phenology and dispersal modes of wood species in the 
and climatic data have been collected, it is still not long Carrasco, a tropical deciduous shrubland in the Brazilian 
enough to suggest an indicator of climate change. A long term semiarid. Biodivers. Conserv. 19(8) 2263–2289.
and broader scale monitoring involving more species are 

Dobson AJ and Barnett A 2008. An introduction to generalized encouraged to determine potential indicators responding to 
linear models, third edition. Chapman and Hall/CRC, the climate change.
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