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Leucoloma okamurae Broth., A Newly Recorded Moss
Species in Taiwan
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Abstract

In addition to Leucoloma molle (Mll. Hal.) Mitt., L. okamurae Broth. was recently found, making
the species number of the genus up to two in Taiwan. L. okamurae can be distinguished from L. molle by
its smaller plant, which is shorter than 1 ¢cm in length, scarcely deciduous leaves, median laminal cells
with multiple large papillose, and leaf margins bordered by 4-6 rows of linear cells in the middle of leaf.
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Here we provide descriptions, illustrations, habitat information, and geographical distribution of L.

okamurae.
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..................................... FIEHHHE (L. molle)
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HEH$HE Leucoloma okamurae Broth., O fvers. Forh. Finska Vetensk.-Soc. 62A (9): 2. 1921. [& 1-3.
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Fig. 1. Plants of Leucoloma okamurae associated with whitish green Leucobryum sp. on the right side.

2. Wad HRE YR -

Fig. 2. Individuals of Leucoloma okamurae.
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Fig. 3. Leucoloma okamurae Broth. A. plant; B. leaf; C. median cells of leaf (dorsal view); D. alar cells;

E—F. marginal cells of leaf (from median to upper part of leaf); G. cells of leaf apex; H-I. cross-sections of

leaf (from basal to median part of leaf); J. cross-section of stem. (Drawn from K.-Y. Yao 6255)
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Abstract

A Phrymaceae species previously recorded in Egypt, Iraq, India, Sri Lanka, Malesia and Australia
(Barker, 1992), Peplidium maritimum (L. f.) Asch. was recently found in coastal regions of southern
Taiwan. The discovery adds a new record of this species as well as genus to the flora of Taiwan. This
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paper provides a taxonomic account of the species, a line drawing and color photographs to aid

identification.

BRARRAR < WG ¢ MR ATICERIE

B 5 S

Key words: Peplidium maritimum; Phrymaceae; Newly recorded genus; Taiwan; Taxonomy.
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Peplidium maritimum (L. f.) Asch., Beitr. Fl. Aethiop. 275, 306. 1867. & i 4 Figs. 1, 2

Hedyotis maritima L. f., Suppl. PI. 119. 1781.

Oldenlandia maritima (L. f.) Roth, Nov. PI. Sp. 97. 1821.
Peplidium humifusum Delile, FI. Egypte 4-5. pl.4:2. 1813; Spreng. Syst. Veget. 1:43. 1825.
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Figure 1. Peplidium maritimum (L. f.) Asch. A, Habit; B, C, Flower with dissected calyx in different
views; D, Pistil with dissected corolla; E, Stamens on dissected corolla; F, Branch with flowers in bud; G,
Fruit cross-section; H, Fruit with persistent perianth; I, Branch with flowers in bud.
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Figure 2. Peplidium maritimum (L. f.) Asch. A,B, Habit; C, Branch with fruits; D, Flower with dissected
calyx; E. Pistil with dissected corolla; F, Fruit; G, Fruit with persistent perianth. (scale bar=1 mm)
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Abstract

Featuring high photosynthetic efficiencies and biomass, Miscanthus, a C4 plants, has become a
potential biofuel crop. Miscanthus is native to East Asia with high species diversity, including M. sinensis
Anders. that is widespread in Mainland China and Japan. Taxa in Taiwan are ecologically diverse, with M.
floridulus (Labill.) Warb. ex Schum. & Laut. distributing in wastelands, M. sinensis var. condensatus
(Hack.) Makino in saline-alkali habitats, M. floridulus var. papillayus Lee in heavy metal areas, M.
sinensis var. formosanus Hack. on slopes of intermediate altitude, and M. transmorrisonensis Hayata in
grasslands of high mountains. In 1997, the European Miscanthus Improvement Project, which is
sponsored by the European Union, identified Miscanthus as a potential biofuel crop for renewable energy.
Via international collaboration, Miscanthus seeds were exported officially from East Asia including
Taiwan to European Union. Miscanthus has been used for combustion in Europe to reduce the usage of
charcoal in the fossil-fuel power; in America, Miscanthus is used for producing ethanol. Unfortunately
biofuel crops have not been well developed in Taiwan due to the lack of sustainable development policies.
Compared to fossil fuel, which simply emits greenhouse gases, Miscanthus plants fix carbon dioxide from
the atmosphere and carbon elements from soil, and transfer to biomass. According to researches
conducted by the European Miscanthus Improvement Project, one acre of Miscanthus farm can fix 1.63
tons of carbon per year. Altogether, this C4 plant is not only ideal for producing renewable energy, but for
fixing carbon from the environment. Practically, Miscanthus manufactured as pellets can be directly used
in power stations and burners for local industry. Additionally, planting of Miscanthus is also helpful for
sand fixation, mitigation of land subsidence, and accumulating heavy metals and dioxin from polluted soil.
For sustainable development, we suggest developing policy of biofuel in Taiwan.
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Description Update of A Rare Spider Neoscona multiplicans
(Chamberlin, 1924) (Araneae, Araneidae) from Taiwan
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Abstract

Neoscona multiplicans (Chamberlin, 1924) is widely distributed in Japan, Korea and China, but is
rare and poorly understood in Taiwan. This paper provides an updated description and photographs of N.

multiplicans based on specimens found in Taiwan, as well as a discussion of the species’ distribution in

Taiwan.
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Introduction

The genus Neoscona Simon, 1864 containing
114 species is one of the largest groups of the
family Araneidae and has a worldwide distribution
(World Spider Catalog 2016). Eleven species
have been recorded from Taiwan (Chen 1996).
Small to medium in size, members of the Neoscona
have the following morphological characters: a
median longitudinally thoracic groove, anterior
median eyes largest and posterior lateral eyes
smallest among eyes, both lateral eyes very close
to each other and not on a prominent tubercle,
chelicera with four promarginal and three
retromarginal teeth, leg formula I-11-1V-I1I or
I-1V-11-111, legs of male having a ventral hook at
the distal margin of coxa | and many strong
prolateral spines on tibia Il, epigynum of female
having a smooth triangular, ligulate, or elongated
scape. They usually construct orb webs in grassland
or between shrubs at night, and stay in the hub of
snare. Neoscona multiplicans (Chamberlin, 1924)
is widely distributed in East Asia, including Japan,
Korea, and China but had never been recognized
from Taiwan except by Tanikawa (2006), who
documented a female museum specimen (UMUTZ-
Aran-26-2) collected about one hundred years ago
(i.e., 1899 A.D.) from Keelung, Taiwan, without
description. However, his finding was ignored by
recent researchers (e.g., Tanikawa 2009; World
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Spider Catalog 2016; Zhu and Zhang 2011).
Before Tanikawa (2006), N. multiplicans had
been collected by the junior author in 1996 in
Pinglin, Taipei County (now New Taipei City) in
northern Taiwan. Until recent, it was re-discovered
in neighboring regions, i.e., Hsintien and Wenshan
(Fig. 1). Although no male was obtained, the
morphology of these Taiwanese female specimens
is undoubtedly identical to that of N. multiplicans
described from neighboring countries in related
literatures (e.g., Chamberlin 1924; Song et al.
1997; Namkung 2002; Tanikawa 2009). In this
paper, we updated the description of this species
based on specimen gathered from Taiwan.

120E 127E 122E

TAIWAN <%

F25'N / &
i ,

F24'N

Fig. 1. Collect localities of Neoscona multiplicans
in Taiwan. Data based on Tanikawa (2006; %) and
the present study (See the specimen examined in

text; ®).
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Materials and methods

Spiders were obtained by hand in the
field. Alcohol-preserved specimens were
examined, measured and photographed under a
stereomicroscope (Leica M3Z) using an ocular
micrometer with up to 80x magnification.
Examined specimens were deposited in the
Arachnological collection of the Department
of Life Science, National Taiwan Normal
University (NTNUB-Ar). All measurements
given are in mm. Measurements of the palpus are
shown as total length (femur, patella, tibia,
tarsus). Measurements of legs are shown as total
length (femur, patella and tibia, metatarsus,
tarsus). Abbreviations used are AER, anterior eye
row; ALE, anterior lateral eye; AME, anterior
median eye; CO, copulatory opening; MOA,
median ocular area; PER, posterior eye row;
PLE, posterior lateral eye; PME, posterior
median eye.

Results

Neoscona multiplicans (Chamberlin, 1924)
(Figs. 1-9)

Aranea multiplicans Chamberlin, 1924: 18, pl. 5,
f. 35.

Neoscona scylla: Song, 1988: 129.

Neoscona minoriscylla Yin et al., 1990: 123, f.
301-309.

Neoscona multiplicans: Song et al., 1997: 1715, f.

17a-c.

Specimens examined.

TAIWAN: TAIPEI CITY: Wenshan,
Chihnankung, alt. 250 m., 1 female (NTNUB-Ar
48606), 20-VI-2011, Wen-Jean Huang leg.; 1
female (NTNUB-Ar 48813), 30-VI-2011,
Wen-Jean Huang leg. NEW TAIPEI CITY:
Hsintien, Ankeng, alt. 20 m., 1 female
(NTNUB-Ar 48824), 29-VI-2011, Shyh-Hwang
Chen leg.; Pinglin, near Pihu Bridge, alt. 300 m.,
1 female (NTNUB-Ar 1525), 13-VI11-1996.

Diagnosis.

Neoscona multiplicans most closely resembles
N. scylla, but can be distinguished from the latter
(characters in parentheses) in having a smaller
body length varying from 7 to 13 mm (larger, 12
to 15 mm), and epigynum with a scape broad
anteriorly and a narrow tip (not broad anteriorly).

Description.

Female (NTNUB-Ar 48813). Total length
9.69; carapace length 4.00, width 3.08; abdomen
length 5.69, width 4.46. Measurements of palpus
and legs: palpus 3.23 (0.65, 0.35, 0.78, 1.45);
legs | 14.62 (4.62, 5.23, 3.69, 1.08), Il 13.77
(4.46, 4.77, 3.39, 1.15), 111 8.23 (2.46, 2.92, 1.85,
1.00), IV 1453 (4.92, 4.77, 3.69, 1.15).
Diameters of eyes, AME: ALE: PME: PLE =
0.20: 0.18: 0.18: 0.13.

Carapace (Figs. 2-3) covered with moderately
abundant appressed hairs; median groove,
cervical grooves and radial grooves distinctive.
AER and PER recurved when viewed dorsally.
PER longer than AER. AME > ALE = PME >
PLE. Distance between AMEs (0.25) shorter than
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that of AME and ALE (0.43), distance between
PMEs (0.13) shorter than that of PME and PLE
(0.50). MOA length 0.65, anterior width 0.60,
posterior width 0.50. Height of clypeus nearly
equal to diameter of AME. Chelicerae stout,
geniculate anteriorly; fang groove armed with
four promarginal and three retromarginal teeth,
with a largest third promarginal one. Endite
longer than width. Labium pentagonal in shape,
wider than length. Sternum heart-shaped,
margin concaved at base of coxa and intruding
posteriorly to between coxae IV, and connected
with carapace by sclerotized strips between
coxae. Leg formula I-1V-11-11l. Abdomen ovoid.
Epigynum (Figs. 6-9) stout, with copulatory
openings adjacent to anterior border of epigastric
fold. Scape broad at base, gradually tapering
posteriorly, and bent to dorsal side at tip.

Coloration. Carapace light brown, dark in
margin; median groove, cervical grooves and
radial grooves brown; a pair of white stripes in
front of median groove and a large yellowish
ivory marking on rear side. Chelicerae, fang, and
labium dark brown; endite brown. Abdomen
yellowish brown, dorsum with a pale brown
folium mixed with five pairs of arch-shaped dark
brown markings; venter grayish brown in center,
with a pair of remarkable large white spots in
between epigastric furrow and spinnerets, and an
additional pair of small white spots located in
between large spots and anterior spinnerets.
Spinnerets brown, tip darker.

Variations.
A total of four females were measured.

New record of Neoscona multiplicans from Taiwan

Variations among females (with mean in
parentheses) are: total length 9.69-13.39 (11.59);
carapace length 4.00-5.11 (4.64), width
3.08-4.00 (3.62); Abdomen length 5.69-8.51
(6.95), width 4.46-7.02 (5.89). The coloration
of abdomen and the folium marking become
darker in larger individuals. The additional pair
of small white spots in the venter of abdomen
are not present in one female (NTNUB-Ar 1525,
Fig. 5).

Distribution.
China, Japan, Korea and Taiwan.

Discussion

Neoscona multiplicans has been recorded
from middle latitudes of Northeast Asia, i.e.,
Japan, Korea, and China (from Beijing and
Henan to Yunnan and Hainan) (Song et al. 1999;
Zhu and Zhang 2011). Taiwan is a large
continental island very closed to Fujian of
Southeast China. The Tropic of Cancer passes
through both the middle of Taiwan and South
China. The discovery of N. multiplicans in
northern Taiwan is not a surprise. Tanikawa
(2006) first discovered a female museum
specimen that was collected in Keelung, Taiwan,
in 1899. The specimen is now preserved in the
Department of Zoology, the University Museum,
University of Tokyo (UMUTZ-Aran-26-2) for
more than one hundred years. The junior author
re-discovered the second specimen (NTNUB-Ar
1525) two decade ago in 1996. Up to the present,
a total of five Taiwanese specimens have been
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recorded. However, N. multiplicans seems rare in
Taiwan. In the field, N. multiplicans may easily
be confused with N. scylla, another sympatric
and much common species in Taiwan, due to
similarities in external features and habit.
Neoscona multiplicans was found in shrubs
along the roadsides or small trails in the low
mountain areas of northern Taiwan. As does in N.
scylla, N. multiplicans usually spins a new orb
web and stays in the hub to prey insects for food
at night. The snare will be destroyed next
morning, and the spider hides in foliage next to
the destroyed snare during the daytime. Without
close examination, N. multiplicans can hardly be
recognized among large number individuals of N.
scylla. Due to insufficient investigations and
poorly taxonomic studies in Taiwan, it took
nearly 20 years to recognize N. multiplicans since

the first individual collected in 1996. Although N.

multiplicans is only found in northern Taiwan
now, we expect its distribution should include all
low mountain areas below 1000 m above sea
level. However, this needs to be confirmed by
further investigations in the near future.
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Figs. 2-5. Habitus of Neoscona multiplicans (Chamberlin, 1924). 2-3, female from Chihnankung
(NTNUB-Ar 48813), epigynum was removed; 4-5, female from Pinglin (NTNUB-Ar 1525). 2, 4, dorsal
view; 3, 5, ventral view. Scales = 1 mm.



280 New record of Neoscona multiplicans from Taiwan

8 9

Figs. 6-9. Female epigynum of Neoscona multiplicans (Chamberlin, 1924), NTNUB-Ar 48813. 6,
ventral view; 7, dorsal view; 8, ventro- posterior view; 9, lateral view. CO: copulatory opening. Scales =
0.2 mm.
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Abstract

Nine shallow-water milkfish (chanos chanos) ponds and ten hard clam (Meretrix lusoria) ponds in
Qigu were surveyed for benthic fauna from 2012 to 2013. A total of 3,633 individuals belonging to 19
families and 23 species were collected. Overall, 12 polychaete species and seven mollusc species were
found. Others include aquatic insect larvae (chironomidae and hydrophilidae), amphipod, and sea
anemone. Benthic fauna communities were significantly different between the two pond types. A total of
eight species were found in milkfish ponds, in which Capitella sp., Stenothyra sp., and chironomid larvae
were dominant. A total of 21 species were found in hard clam ponds, in which Neanthes glandicincta and
Didontoglossa koyasensis were dominant. Benthic fauna species richness and diversity were higher in
hard clam ponds, but the mean density was higher in milkfish ponds and the dominance of opportunistic
species such as Capitella sp. AZTI’s Marine Biotic Index (AMBI) and Multivariate-AMBI (M-AMBI)
were applied to access the benthic ecological status of ponds. A “good” level of agreement was between
AMBI and M-AMBI. Most hard calm ponds were classed at “good” ecological quality, but milkfish
ponds ranged between “moderate” to “poor”. The results of benthic fauna community and the two indices
suggest that shallow-water milkfish ponds might have higher organic matter loading, which led to poorer
ecological quality status.

BREEAR : EEEY) ~ KAERTESUR B S ~ AR
Key words: benthic fauna, aquacultural pond, milkfish, hard clam, AMBI
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[ Milk fish ponds
[] Hard clam ponds

[] Black-faced Spoonbill Refuge
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Fig. 1. The location of studied aquacultural ponds in Qigu.
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Table 1. Dominance (D), frequency (F), and average density (A) of benthic fauna species in two types of

fish ponds
Milkfish ponds (n=9) Hard clam ponds (n=10)
D (%) F(%) A(indm’ D (%) F(%) A (ind/m%
Cnidaria
Actiniaria 0.81 30 41+69
Arthropoda
Amphipoda 441 55.6 5631120 7.59 60.0 3801676
Chironomidae 9.60 100.0 1227+703
Hydrophilidae 4.49 100.0 5731610
Mollusca
Laternula sp. 0.27 10.0 14443
Meretrix lusoria 0.18 10.0 9429
Potamocorbula fasciata 0.18 10.0 9429
Thiara riqueti 1.14 22.2 146405 4.70 20.0 2351579
Batillaria zonalis 0.09 10.0 5+14
Didontoglossa koyasensis 33.36 90.0 1670+£2443
Stenothyra sp. 26.25 88.9 335515846 0.63 30.0 32171
Annelida
Neanthes glandicincta 0.47 44.4 60+90 33.54 100.0 1680+1132
Hesionidae 0.18 20.0 9+19
Goniadid sp. 0.09 10.0 5+14
Marphysa sp. 0.36 40.0 18423
Scoloplos sp. 2.17 30.0 109+224
Prionospio japonicus 3.71 50.0 186+320
Polydora cornuta 8.26 66.7 105612233 5.33 90.0 267+314
Polydora fusca 0.27 20.0 14+31
Pseudopolydora sp. 0.81 30.0 41+69
Capitella sp. 45.38 66.7 580016613  2.89 60.0 145+238
Heteromartus sp. 0.90 20.0 45+128

Sabellidae 1.90 50.0 95+165
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Fig. 2. The dendrogram for hierarchical clustering of the benthic fauna in fish ponds.
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Fig. 4. AMBI values for two types of fish ponds. F: milkfish ponds; C: hard clam ponds; H: high quality; G:
good; M: moderate; P: poor; B: bad.
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Abstract

The biomass of phytoplankton in an aquatic ecosystem is highly unpredictable due to complicated
interactions between algal communities and the physicochemical environment. However, given enough
observed data, relationships between phytoplankton biomass and certain limiting resources can be
established. In this study, a resource-based model was adopted for the simulation of light-limited
phytoplankton biomass in coastal wetlands of southern Taiwan. A total of 22 waterbodies, including three
tidal wetlands and 19 closed impoundments were surveyed during a year-long study. Light-limiting data
were identified and analyzed for the determination of model parameters, including minimum light
requirement and critical light requirement. Results indicate that, light utilization efficiency of the
phytoplankton communities in these saline coastal waterbodies were similar to those of freshwater lakes,
with critical light requirement ranged from 0.077 to 0.165 mol-photon day™ mg-Chl-a™* m and minimum
light requirement ranged from 2.51 to 2.72 mol-photon day™ m™. Impoundments were more productive
and more efficient in light utilization than tidal wetlands. Algal cells accounted for 66.9% of water

column light attenuation under light-limiting conditions, as compared with 39.6% for non-light-limiting
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situations. Self-shading presented a major regulating mechanism on the algal biomass of highly eutrophic
coastal waterbodies. Under a light-limited condition, algal biomass can be managed to prevent ecosystem
deterioration caused by excessive eutrophication through the control of light availability. Measures such
as surface shading using wetland plants, and water depth augmentation through hydrological
manipulation, can be employed for wetland management purposes. An enhanced water circulation can

also lower wetland productivity, as shown in the case of Spoonbill Reserve of this study.
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Introduction

The biomass of phytoplankton in a waterbody
is regulated by a number of environmental and
biological factors, with the most important factors
being species composition (Domingues et al.
2005), water temperature (Boyd et al. 2013;
Pan et al. 2016), and the availability of nutrients
and light (Heckey and Kilham 1988; lachetti
and Llames 2015; Pan et al. 2016). Predicting
phytoplankton biomass of a waterbody is difficult
due to complicated interactions between these
factors. Two general approaches are usually
adopted for the determination of phytoplankton
biomass in a waterbody. In a population dynamic
approach, physicochemical and biological
processes are used to describe the growth and
decay of an algal community (e.g. Roelke et al.
1999; Siegel et al. 2002). On the other hand, the
resource-based approach uses simple mathematical
equations to relate algal biomass with one or a
few numbers of limiting resources (e.g. Grover
1990; Reynolds and Maberly 2002). The
phosphorus loading equation is a well-known
example of the resource-based model (e.g.
Vollenweider 1976; Reynolds and Maberly
2002).

Light limitation occurs regularly in eutrophic
aquatic ecosystems where phytoplankton
biomass is limited primarily by the availability
of light (Cloern 1987; Gameiro et al. 2011).
The determination of light availability and
its relationship with phytoplankton biomass
involve a set of bio-optical and hydrodynamic
parameters (eg. Kirk 1994; Huisman 1999; Diehl

et al. 2002; Huisman et al. 2004). Loiselle et al.
(2007) illustrated that the mixed-layer integrated
phytoplankton biomass (W, mg-Chl-a m?) of a
light limited waterbody can be related linearly
to the mixed-layer integrated light energy (Q
mol-photon day™ m™) using:

W%(Ql -0,.) )

where ¢ (mol-photon day™® mg-Chl-a* m) is
the critical light requirement defined as a ratio
between mixed-layer intgrated light energy
and phytoplankton biomass. Qpi, is the minimum
light requirement analagous to a compensation
irradiance under which the productivity of an
algal community balances its repspiration. A
Lambert-Beer model (Kirk 1976) was assumed
for underwater light distribution with the total
light attenuation (K4, m™) being divided into the
attenuation caused by algal cells (kw, m™), and a
background attenuation (Ky,, m™) accounting for
attenuation from all other sources:

—(ko+K )z

I.=1e (2)
where I, (mol-photon day™* m’) is surface
irradiance, 1, (mol-photon day™ m™?) is the solar
irradiance at a depth z, k (m™ mg-Chl-a™ m%) is
the specific attenuation coefficient for algal
cells, and @ (mg-Chl-a m™) is the phytoplankton
biomass presented using chlorophyll-a. A mixed-
layer integrated irradiance can be obtained by
integrating equation (2) over depth of the mixed-
layer:
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( _ —(ko+K),

Ziix I -
Q, = J'O I.d- 0 ey (3)

T (ko+K,,)

Through sustituting Q; in equation (1) with equation
(3), a light-limited phytoplankton biomass model
can be derived:

! ~(kKpg )z
—0(1 -e e )_Qmin (4)

The values of % and Qi in Eq (4) are
evaluated using observed data. In a method
proposed by Loiselle et al. (2007), data of water
column integrated phytoplankton biomass is
plotted against light energy. An envelope line is
then drawn for the data points, as illustrated in
Figure 1. Data points adjecent to the envelope
line are considered as under light limitation. For
data points below the envelope line, algal growth
is limited by factors other than light energy, such
as the availability of limiting nutrients. The
slope of the envelope line is the critical light
requirement () in equation (4), and its intercept
with the x-axis is the minimum light requirement
(Qnin)-

The procedures provide a practical approach
for the determination of phytoplankton biomass
under light limitation. It has been previously
applied for the modeling of light-limitted
phytoplankton biomass in highly eutrophic Lake
Victoria in Africa (Loiselle et al. 2007, 2008;
Cornelissen et al. 2014). Coastal wetlands are
ususally nutrient rich and highly productive

Light- limitation and phytoplankton biomass

where light-limitation occurs quite commonly.
Therefore the development of a light-limited
algal biomss model is of great interest in the
study of this particular type of ecosystem.
Therefore, the major purposes of this study was
to examine the applicability of resourced based
models for the predction of phytoplankton
biomass in coastal wetlands, and to evaluate light
utilization efficiecy of the algal communities in
these waterbodies.

Materials and methods

1. Study area

The study area (Figure 2) situates in the
coastal region of Tainan in southern Taiwan. The
area is covered primarily by aquaculture ponds,
together with coastal lagoons, tidal rivers, and
other natural impoundments. A total of 22
waterbodies, including three tidal wetlands and
19 closed impoundments, were surveyed over a
period of 12 months. With a surface area of
117.6 ha, Spoonbill Reserve is the largest
waterbody included in this study. The wetland
situates near the coastline and is connected with
the sea through a manmade channel. Exchange
of water between the wetland and the coastal
sea was substantial due to tidal flushing.
Si-Cao and Ding-Shan are two smaller tidal
wetlands that were not well circulated. The 19
close impoundments were chosen among natural
and manmade ponds based on their sizes,
representativeness, and accessibility. Dimensions
of the studied waterbodies are provided in Table
1.
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2. Field survey and lab analysis

The three tidal wetlands were monitored
monthly for a period of 12 months, while the 19
impoundments were each surveyed twice during
the period of study. In each survey, the depth and
transparency (secchi depth) of each waterbody
were measured. Water temperature, salinity, pH,
and dissolved oxygen were monitored using a
multi-parameter water quality analyzer (YSI-
556, Yellow Spring Instruments, USA). Water
samples were also taken for laboratory analysis
of turbidity, chlorophyll-a, total phosphorous
(TP), total nitrogen (TN), and total silicate
(Si). The diffusive attenuation coefficient of
photosynthetic active radiation (PAR) was
derived using a non-linear model (Padial and
Thomaz 2008):

K, =2.00xSD™" )

For waterbodies where secchi depth was greater
than total depth, light attenuation coefficient was
determined from turbidity measurements (T,
NTU) using an equation proposed by Lin et al.
(2009) for turbid marine environments:

Kg=0.142 xT + 0.07 (6)

3. Solar irradiance

Monthly averaged daily solar irradiance (SI,
kJ m? day™) derived by Ou et al. (2008) was
adopted for this study. The data was derived

using records of the Tainan Meteorological
Station located approximately 15 km from the
study area. A factor of 0.473 was used to convert
solar irradiance into photosynthetic active
radiation (kJ m™ day') (Papaioannou et al.
1993). The calculated PAR energy was further
converted to photon flux (umol m? s™) using a
factor of 1.83 (Sudhakar et al. 2013). Monthly
averaged values of PAR are given in Table 2.
Mixed-layer integrated solar irradiance was
calculated for each waterbody from the PAR
using equation (3). Since the studied waterbodies
were relatively shallow, a mixed-depth equals to
total depth was assumed.
4. Determination of model parameters

The mixed-layer integrated solar irradiance
as calculated were plotted against mixed-layer
integrated phytoplankton biomass. A visually
determined envelope line of the data points was
then drawn. Light limited data were identified
based on their proximity to the envelope line.
A linear regression for the light limited data
was then performed. The critical light requirement
(%) in Eq (4) was determined from the slope
of the regression line. The minimum light
requirement (Qnin) was also determined from the
intercept of the regression line with x-axis. The
parameters were derived separately for tidal
wetlands, closed impoundments, and the pooled
data.
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Figure 1. llustration of a phytoplankton biomass envelop line and the light-limiting and non-light-
limiting data points (after Loiselle et al. 2007).
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Table 1. Dimensions of studied waterbodies

* 1 KB 2R

Waterbody Type Surface Area (ha)  Depth (m)
Si-Cao Wetland Tidal wetland 27.8 0.86
Spoonbill Reserve Tidal wetland 117.6 1.29
Ding-Shan Wetland Tidal wetland 35.5 0.44

13 impoundments [average (range)]

Closed impoundment

1.29 (0.11-3.58) 0.53 (0.23-1.46)

Table 2. Monthly averaged daily solar irradiance and photosynthetically active radiation (PAR) of the

study area

R2. PRI H Y HIREDE & (E A SEst

Jun  Jul Aug Sep Oct Nov Dec

1367 1357 1136 1244 1336 1226 9.69

Month Jan Feb Mar Apr May
Solarirradiance  6.70 752 827 949 1392
(MJ/m?-day)

PAR 317 356 391 449 658

(MJ/m?-day)

646 642 537 58 632 580 458

PAR (photon)
(mol/m*-day)

20.88 2343 2577 2957 43.38

4260 4229 3540 3876 4163 3820 30.20

Results and discussion

Depth integrated phytoplankton biomass
was plotted against depth integrated solar
irradiance as shown in Figure 3 through Figure
5, respectively for all data, tidal wetlands,
and closed impoundments. Light-limiting data
were identified, and values of critical light
requirement and minimum light requirement
were determined from the regression lines of the
selected data points. The numbers derived from
this study were compared in Table 3 with those
of Lake Victoria reported in two separate studies
(Loiselle et al. 2007; Cornelissen et al. 2014).

1. Critical light requirement
Critical light requirement is a ratio between

mixed-layer integrated solar irradiance and
phytoplankton biomass. It can be used as the
indicator for light utilization efficiency of an
algal community. As shown in Table 3, the
critical light requirement was 0.084 mol-photon
day™ mg-Chl-a™* m when all waterbodies were
considered. The values were respectively
0.165 and 0.077 for tidal wetlands and closed
impoundments. Critical light requirement of the
impoundments was comparable with those of
0.067 and 0.064 mol-photon day™ mg-Chl-a®* m
for Lake Victoria, reported respectively by
Loiselle et al. (2007) and Cornelissen et al.
(2014). The critical light requirement for tidal
wetlands was much higher than that of the
impoundments, suggesting a lower photosynthetic
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efficiency of the wetlands. As shown in Table
4, phytoplankton biomass of the three tidal
wetlands differed significantly. The Si-Cao
Wetland was highly productive while the
Spoonbill Reserve was particularly low in algal
biomass due to significant tidal flushing.
2. Minimum light requirement

Comparable vales of minimum light
requirement were obtained for the two groups of
waterbodies. The numbers were 2.51 and 2.72
mol-photon day™ m™ respectively for the tidal
wetlands and the impoundments, and 2.65 for the
pooled data. These values are greater than 1.2 as
reported by Loiselle et al. (2007) but much
smaller than a value of 9.01 mol-photon
day™ m™ as reported by Cornelissen et al.
(2014), both using data from Lake Victoria. The
minimum light requirement, when divided by
mixing-depth, is equivalent to the compensation
irradiance. Using average depths respectively for
the three groups of data, the compensation
irradiance were respectively 4.11, 7.00, and 5.38
mol-photon m? day™ for the tidal wetlands, the
closed impoundments, and the pooled data.
These numbers are much higher than a value of
1.1 + 0.4 mol-photon m? day™ as reported by
Regaudie-de-Gioux and Duarte (2010) using data
based on literature review and their experiment
conducted at the ocean, where the average light
compensation depth averaged 36 + 9 m. The
numbers are also higher than a value of 1.3
reported by Sommer et al. (2011) using
mesocosm studies conducted at the Baltic Sea. A
much lower range of 0.1-0.3 mol-photon m?
day™® was reported by Marra (2004) using

Light- limitation and phytoplankton biomass

literature review and his study at the north
Atlantic. In yet another study, Dielh et al. (2015)
reported a compensation irradiance of 3.2
mol-photon m? day™ for algal communities in
the oligotrophic Lake Brunnsee. The values
obtained in this study were consistently higher
than those of the ocean and freshwater lakes.
3. Algal self-shading

Planktonic cells constitute significant light
attenuation in highly productive waterbodies
(Gikuma-Njuru and Hecky 2005; Nicolausi et al.
2013). A specific light attenuation is commonly
used to relate light attenuation with the density of
algal cells in water. A range between 0.01 and
0.02 m* mg-Chl-a™ have been proposed for lakes
(Priscu 1983; Lee and Rast 1997). Taking a value
of 0.02 m?> mg-Chl-a*, the light attenuation
coefficient from algal self-shading were calculated
for light-limiting and non-light-limiting data sets.
As shown in Table 5, self-shading constitutes
66.9% of total water column light attenuation (K,
m™*) under light-limiting conditions, as compared
with 39.6% for the non-light-limiting data.
4. Nutrient levels

The growth of phytoplankton in fresh
waterbodies is frequently limited by phosphorus
(P) and nitrogen (N). Silicon (Si) can also be
limiting, particularly in coastal and marine
environments (Dortch and Whitledge 1992;
Gobler et al. 2006). Light limitation occurs when
none of the essential nutrients are in short supply.
As such, higher nutrient levels are expected for
light-limiting waterbodies. Figure 6 compares the
nutrient levels of light-limiting and non-light-
limiting waterbodies. As can be seen from the
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figure, the concentrations of N, P, and Si in waterbodies. The differences were statistically
light-limiting waterbodies were consistently significant (p<0.05) for all of the three nutrients.
higher than those of the non-light-limiting

Table 3. Values of light requirement parameters for different types of waterbodies
&K 3. DEFEADKEE TR 2 HE

Parameter This study Lake Victoria
(Coastal waterbodies) (Freshwater lake)
All data Closed Tidal Loiselleetal. Cornelissn et al.
impoundments  wetlands (2007) (2014)
Critical light requirement 0.084 0.077 0.165 0.067 0.064
(mol-photon day™ mg-Chl-a™* m)
Minimum light requirement 2.65 2.72 2.51 1.2 9.01

(mol-photon day™ m™)

Table 4. Chlorophyll-a concentrations of the studied waterbodies

K 4. B 2 Sk R -a IR

Waterbodies Impoundments Tidal wetlands
All data Ding-Shan Si-Cao Spoonbill
Wetland Wetland Reserve
Chl-a(mgm?®)  54.2+382 44,0+ 40.4 38.8+21.4 88.1+ 30.1 5.1+ 45

*numerical numbers are Mean + SD.

Table 5. Significance of algal self-shading under light-limiting and non-light-limiting conditions
7% 5. JEIRFRTIELIECIR BRI BE < B E E (E R

Total attenuation Attenuation from  Percent attenuation from

Type of data Kg (M™) algal self-shading* algal self-shading
ko(m™) ko 1 Ky (%)

Light-limiting (n=13) 3.18(£1.32) 2.03(0.73) 66.9(£23.8)

Non-light-limiting (n=58) 2.03 (+0.65) 0.81 (+0.64) 39.6 (£28.5)

*calculated based on o = 0.020 m* mg-Chl-a™*
*numerical numbers are Mean + SD.
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Conclusions

Phytoplankton biomass in natural waterbodies
is highly unpredictable due its dependence with
the complicated environmental and biological
factors. The methodology proposed by Loiselle
et al. (2007) presents a practicable procedure for
the determination of algal biomass under light
limitation. The saline coastal impoundments
of this study exhibited similar critical light
requirements but very different minimum light
requirements as those of the freshwater Lake
Victoria. The observations suggest that light
utilization efficiency between algal communities
of different species composition may not differ
as much as the compensation irradiance. However,
a closer examination is warranted for such a
presumption.

Light-limitation is less likely under certain
hydraulic conditions, such as the case of the
well-flushed Spoonbill Reserve. Care must
be taken to ensure that a light-limited model
of algal biomass is developed exclusively
using light-limiting data. Consistent with the
observations of other studies, algal self-shading
is a major contributor to light attenuation in
coastal wetlands and impoundments. The negative
feedback form self-shading presents a regulating
mechanism for algal biomass of the highly
productive aquatic ecosystems.

Primary productivity is vital for sustaining
an aquatic food chain and maintaining the
integrity of an aquatic ecosystem. However,
deterioration of ecosystems can occur in over-
productive water bodies due to negative effects

Light- limitation and phytoplankton biomass

such as intense diurnal oxygen swing, oxygen
depletion of the bottom water, and the blockage
of sunlight. Therefore, a moderate productivity
is beneficial for the health of an aquatic
ecosystem. Coastal wetlands receive nutrients
from upland watersheds, therefore are usually
highly nutrient-enriched. Lowering wetland
productivity through nutrient control is generally
infeasible. Knowing that light limitation occur
commonly in coastal wetlands, favorable algal
productivity can be achieved by manipulating the
availability of light through measures such as
surface shading using wetland plants, and
increasing water depth through hydrological
modifications. Wetland productivity can also be
controlled by enhanced water circulation, such
as the case of the Spoonbill Reserve in this
study.
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