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Abstract. Seasonal variations of nutrients in the lakewater, porewater in the lake sediment, and tissues of dominant
aquatic angiosperm§choenoplectus mucronat(s.) Pall. subsprobustus(Miqg.) T. Koyama andSparganium

fallax Graebn., in the Yuan-Yang Lake were studied. Nutrients in the lakewater were scarce and did not vary
significantly between seasons. The porewater, in general, had higher concentrations of nutrients than the lakewater.
The nutrient concentrations of porewaters were varied among sampling sites. Decomposition of organic matters in
the lake and geographical characteristics of the watershed are the sources of differences in nutrient contents among
sampling sites of porewaters in the lake. Higher contents of dissolved organic carbon and ammonium and potassium
ions in the porewater were found in sites of water entrance areas. High contents of Ca and Mg ions in the lakewater
and porewater were only found in the northwestern site of the lake. Nitrogen and potassium, which are concentrated
in the aboveground tissues, are the major elements in tissues of dominant aquatic angiosperms. Nitrogen and
potassium were consumed luxuriously before the growing season, and the contents in tissues gradually decreased
during the growing period. However, no obvious seasonal change was found for Na, Ca, and Mg. The yearly
budget of uptake and loss of nutrients throSglarganium fallaxs estimated to be 13.8 g, 1.1 g n? P, and

19.8 g n? K in 1997, and 9.9 g thN, 0.6 g n? P, and 9.2 g K in 1998.

Keywords: Nitrogen; Nutrients; Potassiungchoenoplectus mucronatssp.robustus Sparganium fallaxYuan-
Yang Lake.

Introduction The purpose of the study reported here was to deter-
mine the seasonal changes of mineral nutrients in the wa-

This study is a part of the long-term ecological researcher and in tissues of dominant aquatic angiosperms in the

in the Yuan-Yang Lake ecosystem, Taiwan. We attemptedake to gain insights into nutrient cycling in the alpine

to gather seasonal standing crop and production data ddke ecosystem.

dominant aquatic angiosperms in the lake and to relate

these to the population dynamics of these plants and NYyaterials and Methods

trient cycling in the ecosystem.

A previous study (Hwang et al., 1996) pointed out thatSampling Sites
the dominant aquatic angiosperms in the lake —

Sl\j_hoeTnonlectus mlé;cronata.s.) I?al:l.gubsbprobr]stusd aquatic angiosperm communities, and the plant tissues of
(Miq.) T. Koyama andparganium fallaraebn.--showed 4,4 qominant aquatic angiospernSchoenoplectus

a luxury uptake of nitrogen and potassium in the youngy, ,cronatugL.) Pall. subsprobustus(Mig.) T. Koyama
shoots early in the growing season. This phenomenon hag, g rganium fallaxGraebn. were sampled at four sites

been observed in a variety of aquatic angiosperms (.Bernari the Yuan-Yang Lake from August 1996 to October 1998
and Solsky, 1977; Boyd, 1969, 1970; Boyd and Vickers o monthly intervals. One additional site without any

1931; Gerl?fff e;nd Krombhqlz, 1%66; Kistritz et al., .1983) aquatic angiosperm growing (Site B, described below) was
and may afford a competitive advantage to aquatic Mac;4qeq in October 1997 to represent a control site for esti-

rophytes if those ions are limited (Boyd, 1969). mating the potential nutrient concentration in the sediment.

The lake, at 1670 m in the Yuan-Yang Lake Nature
By - : : __Preserve, has an east-west oriented spoon-shape, with the
Corresponding author. Fax: 886-2-27827954; E-mail: harrow part toward the east (Figure 1). The geographical
Zgohwang@ccvgx.smma.edu.tw . . . characteristics and the distribution of the aquatic an-
urrent address: Department of Horticulture, National Taiwan _. .
University, Taipei, Taiwan. giosperms in the Yuan-Yang Lake Nature Preserve have
*Current address: Fengshan Tropical Horticultural Experimento®€n described by Chou et al. (2000) and Hwang et al.
Station, Taiwan Agricultural Research Institute, Fengshan,(1996). The five sites used in this study were chosen for
Kaohsiung, Taiwan. their hydrological and vegetative characteristics (Figure 1).

Lakewater, porewater beneath the sediment of the
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Figure 1. The sampling sites in the Yuan-Yang Lake. Arrows indicate the major water entrance areas. Letter symbols denote the
sampling sites.

They include: Site A, one of the major water input areasRiley, 1962). Analyses of the four base cations?*(Ca
with both dominant aquatic angiosperms growing; SiteMg?*, Na', and K) were the same as in Hwang et al.
B, one of the major water input areas without aquatic an{1996). Dissolved organic carbon (DOC) in the lakewater
giosperm growing; Site C, with both dominant aquaticand porewater was analyzed by a carbon analyzer (Model
angiosperms growing, but no major water input from the1010 TOC Analyzer, Ol Analytical, Texas).
surrounding upland; Site D, one of the major water input
areas with both dominant aquatic angiosperms growingi

. : ; ‘Results
and Site E, the lake outlet area with both dominant aquatic

angiosperms growing. pH Value

Field Procedures The average pH vaIue_of the lakewater was petween 4
and 6. There was no obvious seasonal variation; however,

~Two blocks were randomly chosen for each plant speyariation between sampling sites (Figure 2A) existed. The
cies in each site. Healthy plants (five individuals of pH value of the lakewater was lower in the eastern part of
Schoenoplectus mucronatssp.robustusand three indi-  the |ake (Site A) than in the western part (Site D) (Figure
viduals ofSparganium fallaxwere collected from each 2A). The differences of the average pH values among sea-
block. Two lakewater samples (100 ml) were collectedsons in lakewater were noticed as affected by the rain. The

with acid-washed polyethylene bottles at 10 cm below theyH value of the lakewater was lower right after heavy rain
water surface from each block. Porewater was collectedng higher during a dry period.

using a porous ceramic cup (maximum pore size 2.5 pm,
655 round bottom tapered neck cups, Soilmoisture Equip-
ment Corp., California) equipped with a PVC pipe and
hand-operated Nalgene vacuum pump (Nalge Nunc
International, New York). Two samples (100 ml each)
were collected from 30 cm beneath the lake sediment from
each block. All plant and water samples were stored in
an ice-chest in the field.

lue

Laboratory Analysis

Plant materials were washed with tap water and rinsed>
with distilled water in the lab. All materials were sepa- <
rated into aboveground, rhizome, and root tissues. Sample
preparation for total nitrogen, phosphate, and nutrient el-
ement (C&, Mg?, Na, and K) determination in plant tis-
sues was the same as in Hwang et al. (1996).

The pH value of water samples was measured at field

a

with a portable pH meter. Lakewater sample was filtered 37 B. Porewater

through a glass fiber filter (Type A/E Glass Fiber Filter, T T T T T T T T T T T ]
Gelman Sciences, Ann Arbor, Michigan, USA) immedi- Aug. Oct. Dec. Feb. Apr. Jun. Aug. Oct. Dec. Feb. Apr. Jun. Aug. Oct.
ately after returning to the lab. Filtered lakewater and 1996 1997 1998

porewater samples were analyzed immediately for ammo-

nium concentration by a modified Solorzano methodrigure 2. The seasonal changes of pH value in the (A)
(Liddicoat et al., 1975), and phosphate concentration byakewater and (B) porewater in the communitySplarganium
the molybdenum blue-ascorbic acid method (Murphy andallax andSchoenoplectus mucronatssp.robustus.
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The average pH value in the porewater was between 5 The concentrations of nutrient ions in the porewater
and 6 (Figure 2B) and the variation was much less thawf Sparganium fallaxxommunities were different among
that in the lakewater (Figure 2A). As with the lakewater,sampling sites. At water entrance areas, e.g. site A, B,
the eastern part of the lake had lower pH values than thand D, concentrations of NHN were much higher than
western part. at sites C or E (Figure 4). Moreover, the concentrations

of NH,-N and PQ?-P in the porewater of Site B (control)
DOC Distribution

The distribution of DOC in the lakewater and porewater
was highly variable among sites and between plant spe- 50 A. Lakewater
cies within the same site (Figure 3). In general, a higher
concentration of DOC was found in the porewater (Figure 40 -
3B) than in the lakewater (Figure 3A), and it was higher ° A
in sites of water entrance areas (sites A, B, and D) than 30 7|
the rest of the lake (Figure 3). Furthermore, the sites un- 20
derneattSparganium fallaxcommunities had a higher con-
centration of DOC than sites underne8tthoenoplectus __ 10 -
mucronatusssp.robustuscommunities (Figure 3B).

—
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~ Aug. Oct. Dec. Feb. Apr. Jun. Aug. Oct. Dec. Feb. Apr. Jun. Aug. Oct.

Nutrient lons in the Lakewater 5

In general, the concentrations of nutrient ions in 5 100 -B-Forewater

lakewater remained very low, unaffected by the season orﬁj 90 - Sparganium fallax site °

plant species. One exception was found in site D where§ 80 , B

the lakewater had much higher concentrations of Ca and® gg i . g ° :

Mg ions than other sites. The mean and range of the cong g5 -

. . . . ® o s P o D B
centrations of nutrient ions in the Yuan-Yang Lake are S 30 4 o L A Bo
listed in Table 1. 30 4 <28 P ! ¢ %

20 1 41 e et F
i i

2]
In contrast to the generally low concentrations of nu- fv_' 70 - A é )
trient ions in the lakewater, the porewater expressed higheP 5q - Lt L | ' -
variability among sites and between plant communities 2 gg Schoenoplectus mucronatus ssp. robustus site
within the same site (Table 2, Figure 4). Porewater taken8 80 —

SO

from theSparganium fallaxcommunity had much higher 70 ]
concentrations of Ni4-N and K than those from the 28 | "
Schoenoplectus mucronatasp.robustuscommunity. 40 S

grows in the lake and anchors roots in the sedimentat 10 £

Such differences were due to the difference in the growth 30 - Mo\g_/
. . | o o B A% rE ] ¢ H
substrate between these two specigparganium fallax 20 7. g e eF " o
¢ E
E e e EeE E &
I

the lake floor whileSchoenoplectus mucronatssp. 0T T T T I
robustusgrows at the edge Of the Iake and the commu- Aug. Oct. Dec. Feb. Apr. Jun. Aug. Oct. Dec. Feb. Apr. Jun. Aug. Oct.
nity forms a floating mat on the lake (Hwang et al., 1996). 1996 1997 1998

Therefore, the concentrations of nutrient ions in the_. : ) .
orewater taken from the community ®€hoenoplectus Flgure_ 3. The sgasonal changes in the concentration of dissolved
P organic carbon in the (A) lakewater of the lake and (B) porewater

mucronatusssp.robustuswere very low, except for Ca underneath the communities &parganium fallaxand

_a”d Mg ions at Site D (Table 2), and were similar to thoseschoenoplectus mucronatssp.robustus Letter symbols denote
in the lakewater (Table 1). the average concentration of the sampling site.

Table 1. The contents of nutrient ions of the lakewater in the Yuan-Yang Lake from Aug. 1996 to Oct. 1998. Mean (1SD), n=44.

NH,*-N PO2-P K Na* ca* Mg
Site? 5 5 5 5 4 D 4 D
Mean (mg/L) 0.11 0.017 0.20 0.47 1.20 6.98 1.89 8.84
(1SD) (0.26) (0.014) (0.16) (0.22) (1.09) (3.69) (1.83) (3.07)
Range (mg/L)
Maximum 1.76 0.070 0.95 1.03 6.06 16.80 8.99 13.97
Minimum nd nd 0.02 0.14 nd 0.57 0.10 4.35

a Site represents the number of sites used to calculate the mean and the range of the content. 5 denotes five sitesad B, C, D,
4 denotes four sites: A, B, C, and E. D denotes site D only.
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Figure 4. The seasonal changes in the concentrations of nu-
trient ions in the porewater underneath the community of
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Sparganium fallaxn the Yuan-Yang Lake.
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were always higher than at otl&parganium fallaxcom-
munities growing sites (Figure 4). As in the lakewater
(Table 1), Site D had much higher contents of Ca and
Mg ions (Figure 4), due to the geographical characteris-
tics in this area. Other than those ions and specific sites
mentioned above, the concentrations of other nutrient ions
in the porewater of the lake were low and did not change
seasonally (Figure 4).

Nutrient Elements in Tissues of Dominant Aquatic
Angiosperms

The concentrations of nutrient elements in tissues of
dominant aquatic plants were not affected by the nutrient
contents in the water environment. There was no sig-
nificant difference in the tissue nutrient content among
sites. Therefore, the tissue constituent data of the same
plant species collected from all sites in each month were
pooled together for seasonal comparisons. In general, the
aboveground tissue had the highest concentrations of nu-
trient elements, and the root tissue had the lowest in the
two dominant aquatic angiosperngparganium fallax
(Figure 5) andschoenoplectus mucronatssp.robustus
(Figure 6). Nitrogen and potassium were the two most
abundant nutrient elements in tissues of the two domi-
nant aquatic angiosperms (Figures 5 and 6). The con-
centration of potassium in the aboveground tissues could
reach 6% and 4% of tissue dry weightSparganium
fallax (Figure 5) andschoenoplectus mucronatasp.
robustus(Figure 6), respectively, right before the onset
of growing season. Then, it decreased gradually to ca
2% and 1% of tissue dry weight Bparganium fallax
(Figure 5) andschoenoplectus mucronatsisp.robustus
(Figure 6), respectively, as the population biomass reached
its maximum in August. The highest concentration of
nitrogen could reach 3.5% and 2.5% of tissue dry weight
and decrease to ca 1% of tissue dry weigl@parganium
fallax (Figure 5) andSchoenoplectus mucronatasp.
robustus respectively(Figure 6). However, the annual
lowest concentrations of N, P, and K in the aboveground
tissue were higher in 1997 than in 1998 (Figures 5 and
6).
The concentrations of P, Na, Ca, and Mg in plant tis-
sues were all below 0.5% of tissue dry weight (Figures 5

Table 2. The contents of nutrient ions of the porewater underneath the commuBith@énoplectus mucronatssp.robustusin
the Yuan-Yang Lake from Aug. 1996 to Oct. 1998. Mean (1SD), n=22.

NH,*-N PO>-P K Na* ca* Mg
Site? 5 5 5 5 4 D 4 D
Mean (mg/L) 0.12 0.020 0.23 0.49 1.84 10.55 11.48 20.68
(1SD) (0.37) (0.015) (0.20) (0.24) (0.58) (2.44) (1.54) (7.86)
Range (mg/L)
Maximum 1.76 0.070 0.95 1.03 3.16 15.90 13.20 34.00
Minimum nd 0.025 0.04 0.17 0.71 6.23 5.71 8.00

2 Site represents the number of sites used to calculate the mean and the range of the content. 5 denotes five sitesaid B, C, D,

4 denotes four sites: A, B, C, and E. D denotes site D only.
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Figure 5. The seasonal changes in the contents of nutrient eleFigure 6. The seasonal changes in the contents of nutrient ele-
ments in tissues @parganium fallax ments in tissues @choenoplectus mucronatssp.robustus

and 6). Unlike the seasonal variations of N, P, and K ifound to accumulate around the lake. Thick layer of
the aboveground tissues, the concentrations of Na, Ca, atmtanch and leaf debris on the lake sediment can be found
Mg in all plant tissues did not show significant seasonalin the water entrance areas around the lake. The results

changes during the year (Figures 5 and 6). of this study indicate that organic matter decomposition
is a major source of nutrients, e.g. N and P, to the lake.
Discussion The porewater collected from the lake sediment had sig-

nificantly higher concentrations of NHN and PQ3-P

Yuan-Yang Lake is a catchment of the Yuan-Yang Lake(Figure 4) than the lakewater (Table 1). Moreover, the
Nature Preserve and the headwater of the Ta-han River (Liporewater collected from the major water entrance areas,
and Hsu, 1973). Rainwater is the major water source fofspecially at the control site (B), had significantly higher
the lake. The rainwater can easily carry organic debrigoncentrations of NJ#N and PQ®-P than the lake’s other
from the forest floor of the surrounding slope to the lake areas (Figure 4). In conjunction with the lower pH value
During typhoon season, broken branches and falling treed™igure 2), except at Site D where the high pH value could
damaged by the strong wind and heavy rain are easilpe affected by the high concentrations of Ca and Mg in
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the sediment, and higher DOC (Figure 3) in these majotions of aquatic angiosperms. The growth of these highly
water entrance areas, these results suggest that decompueductive plants and algae could have kept the concen-
sition of organic matter is a major process supplying estrations of nutrients low in the lakewater.

sential nutrients for the growth of aquatic plants in the pgtn aquatic angiosperm8parganium fallaxand
lake. Similar results were suggested by Otsu et al. (1989‘o‘choenoplectus mucronatssp. robustusshowed a

The concentrations of nutrients were generally low and‘luxury uptake” of nitrogen and potassium in overwin-
lacked seasonal variation in the lakewater of the Yuantering shoots, and the element content gradually decreased
Yang Lake (Table 1). Three possible effects could haves the growth increased (Figures 5 and 6). This phenom-
contributed to the oiligotrophication in this lake. Firstly, enon has been observed in a variety of aquatic angiosperms
low nutrient rainwater and nutrient conservative forest(Auclair, 1977; Bernard and Solsky, 1977; Boyd, 1969,
have caused low nutrient content in the streams of th&970; Boyd and Vickers, 1971; Brock and Bregman, 1989;
watershed. The Yuan-Yang Lake Nature Preserve ha&erloff and Krombholz, 1966; Kistritz et al., 1983; Ma-
been protected intentionally from human disturbance sincson and Bryant, 1975). Boyd (1969) suggested that the
1969 (Liu and Hsu, 1973) and could be classified aduxury uptake of nutrients early in the growing season af-
unpolluted, old-growth temperate forest. According to theforded a competitive advantage to aquatic macrophytes if
“nutrient retention hypothesis” (Vitousek and Reiners,nutrients were limited during the growing season.
1975), the concentrations of nutrients in watershedHowever, such seasonal changes of essential nutrient con-
streams would reflect what was in the input from the at-tents in the aboveground tissues of aquatic angiosperms
mospheric precipitation (Hedin et al., 1995). Studies onin the Yuan-Yang Lake could be a reflection of growth dif-
the chemical properties of streams around the lake agreference between the aboveground and belowground tissues
with the hypothesis. The concentrations of NN and  affected by the difference of air and water temperature in
PQ,3-P in the streams were about one order magnitudelifferent seasons. In winter, where the water temperature
lower than those in the lakewater, and the rainfalls greatlyfca 10°C) in the lake sediment is much higher than the
affected the contents of nutrients in these streams (Drir temperature, the nutrients absorbed by roots are accu-
Jiunn-Tzong Wu, per. comm.). Secondly, diffusion of mulated in the aboveground tissues while the air tempera-
nutrients in the shallow water area from the sediment tdure is still too low for the aboveground tissues to grow.
the lakewater could be restricted because of the oxidizeds the air temperature rose in spring and summer (Hwang
condition on the sediment surface (Mortimer, 1941). Theet al., 1996), the subsequent decrease in tissue nutrient con-
oxygen content in the lakewater was high (above 80% ofents was attributed to the dilution and metabolism of nu-
saturated dissolved oxygen)(Hwang’s unpublished datajrients in the rapidly increasing aboveground biomass
above the sediment during daytime at the eastern part ar(istritz et al., 1983).

at the edge of the lake, where most of the qrganic matter The growth of aquatic angiosperms in Yuan-Yang Lake
accumulates. A dense population of algae in these areggas probably not limited by the nutrient availability. Al-
could have caused high oxygen content in the lakewatethough the nutrient contents in the porewater has revealed
Therefore, according to Mortimer (1941), insoluble fer- significant differences (Figure 4), the tissue nutrient con-
ric complex, formed and deposited on the sediment Surtents of the aquatic angiosperms did not vary significantly
face under oxidized conditions in the lake, would probablypetween samples collected from different sites.
absorb the base content in the water and create a barrig(jrthermore, the contents of nitrogen and phosphorus in
in the surface of the sediment to the free exchange of ionge aboveground tissues of both aquatic angiosperms were
between sediment and water. Much higher concentrationg| higher than the critical contents for the growth of
of NH,"-N, PQ*-P, and K in the porewater of major wa- aquatic angiosperms, e.g. 1.3% N and 0.13% P suggested
ter entrance areas (Figure 4) than thos_,e in .the Iakev_vat%ry Gerloff and Krombholz (1966). They have indicated a
(Table 1) generally reflected the diffusion barrier yxyrious status of nutrients in the lake for the growth of
phenomenon. Thirdly, the nutrients were depleted by theyquatic angiosperms. The nutritious status of the lake prob-
uptake of aquatic angiosperms and algae in the lake (Otsably accounts for the fact that no apparent downward trans-
etal., 1989). Dense populations of aquatic angiospermsgcation of nutrients in the tissues of aquatic angiosperms
Sparganium fallaxandSchoenoplectus mucronatssp.  \as found at the end of the growing season in this study
robustus,have occupied the eastern half of the lake a”‘tFigures 5 and 6). Some aquatic angiosperms exhibited a
along the edge of the western part of the lake, where thgypid downward translocation of nutrients at the end of
deptlh fifgglg we;ter Wzs not deeper: tgaESZO mﬁt(;rt s %Wangrowing season and during the winter (Kistritz et al., 1983).
gggd'shootg.rﬁi:]etmhe ggzﬁfa:ﬁ)icogpargansiuﬁw fgllax One of the importa}nt funptions in Fhe nutrient cycI_ing
andSchoenoplectus mucronass.robustusespectively process for the aquatic angiosperms is the translocatlon. of
(Hwang et al., 1996). In pariicular the growth of nutrients from the se_d|ment upward to the Iakewqter, in
Schoenoplectl;s mucrohatssp robustusﬁsed to form a which nutrients are either upta_lken by other organisms or
floating mat on the lake whi.ch took nutrients directly exported out of the system. Since no apparent d'ownward
from the lakewater. In ad,dition dense algal mats, mostl translocation of nutrients from the aboveground tissues to
: ' ' elowground tissues fBparganium fallaxoccurred (Figure

formed bySplrogyrgspp. (Dr. Jlunn-T;ong Wu, per. 5), the translocation of nutrients from the sediment to the
comm.), were growing between and within the popula-
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lakewater througiSparganium fallaxcan be estimated ~Chou, C.-H., T.-Y. Chen, C.-C. Liao, and C.-I. Peng. 2000.
Estimation could be done by calculating the average net Long-term ecological research in the Yuan-yang Lake for-
primary productivity of the aboveground tissue of est ecosystem I. Vegetation composition and analysis. Bot.
Sparganium fallaxwhich was ca 800 gdw fry* (Hwang Bull. Acad. Sin41: 61-72. . .

et al., 1996), and the aboveground nutrient contents ggerloff, G.C. and P.H. Krombholz. 1966. Tissue analysis as a
the end of the growing season (Figure 5). Therefore, the ~Measure of nutrient availability for the growth of an-
yearly budget of nutrient uptake into the lakewater is 13.  910SPerm aquatic plants. Limnol. Oceandgr. 529-537.
8gm?N, 1.1 g n? P, and 19.8 g mK in 1997, and 9.9 Hedin, L.O., J.J. Armesto, and A.H. Johnson. 1995. Patterns
gm?N, 0.6 gn? P, and 9.2 g AK in 1998. The yearly of nutrient loss from unpolluted, old-growth temperate
variation was caused by the difference in the concentra- [orests: evaluation of biogeochemical theory. Ecoldgy
tions of nutrients at the end of the growing season be- 493-509. , ,

tween these two years. However, the cause for the yearffwand. Y--H., C.-W. Fan, and M.-H. Yin. 1996. Primary pro-

difference in nutrient contents is not vet known duction and chemical composition of emergent aquatic
y ’ macrophytesSchoenoplectus mucronatssp.robustusand

) . Sparganium fallaxin Lake Yuan-Yang, Taiwan. Bot. Bull.
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