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INTRODUCTION 



INTRODUCTION 

The bryophytes, togeth er with the lichens, ar e known as pioneer plan ts to 

play an importan t role in the process of oil formation (Yamane e1 a l. 1978; 

Yagi 1997). They can be found ouL on th e lava fie ld, as a typical exa mpl e, in 

the primary succession process (Tagawa 1965, 1973; Numata a nd Iwase 

1975) . Among the bryophytes, ·orne peculiar mosses an d hepatic have 

been studied with special i nterest beca use of their curious ecology. They 

seem to prefer t he metal r ich soil , l.ithosols, r ocks an d others a: their 

substrates although such an environmen t is gener aUy considered Lo be a n 

adver se condit ion upon the plant grow th . The e mosses and liverwoTLs 

h ave been called ''copper mosses" because their substraLe co ntaining 

r emarkable amounts of heavy m etals such as copper , ir on , lead, etc .. h a ve 

been found by many field inves tigation s a nd researche ·. 

"Copper mosses" have been described as bryophytes wi th str an gely 

ecological characteristics and h ave attracted the in terest of many scienti ts. 

Their distribution has been considered to depend on the occurrence of h eavy 

meta ls in their substr ates. These mosses and liverworts h<tve been studied 

by Persson (1948), M:htensson and Ber ggr en (1 954), Shacklette (J965a, 

1965b) and m<tny subsequen t a uthor s. 

The study of "copper mosses" bega n m nineteen th cen t1.u·y. Ma ny 

studies of classical ''copper mosses", f:uch as ge nera Scopel ophj]a and 

Nfielichhoferia a nd similar bryophyt es, lwve been performed based on t he 

observ<ttions made i_n the fi eld, iJJ the herbarium, an d in the labora tory 

(Per,son 1948; Schatz 1955; Amakawa 1960; Shacklette 1961, 1965a; 

Lampton 1966; Zander 1966. 1967, 1985; Crundwell 1976, 1986; Sha w and 

Crum 1984; Corley a nd P erry 1985: Dirk c 1986; Reese 1989) a nd a] o b<t ed 



on culture tests in the laboratory (Ikenberry 1936; Meyer and Ford 1943: Url 

1956; Noguchi and Furuta 1956; Nagano and Shimizu 1972; Coombes and 

Lepp 1974). Brown (1982) critically reviewed the literature on mineral 

nutrition in bryophytes including a discussion of "copper mosses". Later, 

Satake et al. (1988) reviewed the literature on some mosses and liverworts 

which were fow1d in possible copper-ncb places and which seemed to con lain 

high amounts of copper in their shoals. They carried out studies on 

ScopelophiJa cataractae (Mitt.) Broth., one of the famous ··copper roo ses·· 

which inhabit J apan. Using non-destructive melhods (Satake et al. 1985, 

1988), they found that th e copper was localized in the cell walls of 

cataractae. Shaw (1987, 1993a, 1993b) a1 o carried out studies on 

ScopeJophila cataractae (Mitt.) Broth. l!Sin g statistical techniques. 

Although some studies l1 ave looked at the 1·elationship between the 

bryophytes a nd their subsu·ates, a definitive exp lanation for the occurrence 

of "copper moss" species bas not yet been obtained (Brown 1982; Wa rncke 

1968; lwatsuki and Mizutani 1972; Shaw 1987). The reasons why only a 

few studies have been done would be as follows. 1) The analytical 

technique. were immature in the past. 2) Because of the intcrdi ·ciplinary 

, ludy area, there have n ot been so m any reseru·cher. . 3) Bryophytes ha c 

been less frequently sampled for ch emical analysis th an have vascular 

plants becau. e of their lack of value as forage plants a nd 4) the difficulty of 

theiT identification (Sha ck.lette 1965h). 5) "Copper mosses·· ru·e disjunctive 

pecie and their habitat are restricted (Shaw 1987). 6) Obtaining adeq uate 

clean "copper moss" sa mples was thwarted by the con tamin ation of substrate 

soil particles (Marten son and Berggren 1954 ; Pigott 1958; Satake ct aJ. 

2 



1988). 

Bioremediation has been an active area of interest in the field of the soil 

remediation (Matsumoto 1996). "Phytoremediation" is a subclass of 

bioremediation, which uses plants to clean contaminated siLe . Certain 

plants actively take up and concentrate heavy metals from the soil (Council 

for Promotion of Utilization of 01·gan.ic Materia] 1997; J apa.n A Rociation of 

Industries and Environ.mem 1998). 

In thi thesis, focusing on the . tudies which have been done on "copper 

mosses", the relationship between the bryophyte and the water-soluble 

elements in their substrates which have never been considered in the past, 

the washing methods for the bryophyte contamination and the differences 

among "copper mosses" were studied. Finally, bryophytes' ability of 

accumulating some heavy metals was also focused and its application for 

environmental restoration and environmental monitoring was discussed in 

this thesis. 
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CHAPTER 
Chemical Elements m the Substrates of 

Scopelophila ligulata (Spruce) Spruce and Other 

Mosses Growing on the Same Black Slate 



CHAPTER I 

Chemical Elements in the Substrates of Scopelophila ligulata (Spruce) 

Spruce and Other Mosses Growing on the Same Black Slate 

1.1. Introduction 

Brown (1982) noted that only a few chemical analyRes have been 

perfonued on the rock , soil or detritus beneath "copp T mo;:;::e ., by Persson 

(1956), Martensso.n (195G), Shacklette (1967) and Wilkins (1977). Wilkms 

(1977). Coker (1971) a nd some other authors (Warncke 1968; Shaw 1987; 

Brown and House 1978) used their several extraction methods to estimate 

exchangeable copper in the substrate. since total elemental content would 

overestimate the amount of copper available to the bryophyte. Pigott (1958) 

analyzed a water-extractable ulfate in the ubstrate of J\llieliciJhoferia 

elongata (Hornsch.) Hornsch .. known for long as one of the "coppex mosses". 

S. Jigulata is 1.-nown to prefer a strongly acidic . ubstrate (Per. son 1956; 

Noguchi 1956). The pH of t he substrate of S Hgulata is igniflcant ly lower 

than that of S. cataractae (Persson 1956; Noguchi 1956). Nagano et al. 

(1969) pointed out that there was a close relationship between the pH of the 

substrate of S. ligulata and the limonite-like substance on r ocks in the 

Chichibu district. 

In this report. we discuss the relationship between the water- oluble 

chemical elements in the s ubstrate of a "copper moss" S. ligulata which grow 

on a vertical face of black slate (Chichibu Paleozoic str ata). For comparison. 

analyses were made using the substrates of four other non-copper mosse , 

namely. Pogonawm nippo11icum Nog. et Osada , Leucob1ywn juniperioideum 

(Briel.) C. Muell., Dicranella heceromalla (Hedw.) Schimp. and Campylopus 
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umbellatus (Arm.) Par.. which grow on the same rock wall with S. ligulata. 

1.2. Materials and Methods 

The mosses and their substrates used in this sLudy were collected at 

Urayama Valley, Chichibu, Saitama Prefecture. at f\boul 320 m Rbove sea 

level. A steep-rising rock wall of black slate is exposed on a road cut. The 

black slate contains well-developed clefts, with r elatively closely :;paced 

colonies of S. Jigulata. about 1.5 meters wide. Adjacent to Lhe '. ligulata. P 

nipponicum, L. junipen"oideum, D. heteromalla, and C. umbellatw;; were 

observed. Their boundaries with th e S. Jigu.lata colonies were not distinct. 

In ad(lition to these species, the following bryophytes were also found on the 

rock wall: Calypogeia tosana (Steph.) Stepb. , Jungermannia infusca (J\1itt.) 

Steph., J. radicellosa, Le.feunea .faponica Mitt .. Porella stephaniana (Ma s.) 

Hatt. , Scapa.nia stephaniiK. Muell. , AtndJum undulatwn (Hedw.) P. Beauv. 

var. gracilisetuJJ1 Besch., Brothera Jeana (Sull.) C. Muell., Dicranum viride 

(Sull. et Lesq.) Lindb. vax. hakkodense (Card. ) Tak., GrimJJ1ia pili/era P. 

Beauv., HeJpetineuron toccoae (Sull. et Lesq.) Card., Hypnum plumGJeforme 

Wils. , Oncophorus cnspifolius (1\'Iitt.) Lindb. , Poh.lia p.ro}jgera (Kind b.) Lindb . 

ex Arn., and Rhacomitrium heterostichuJJ1 (Hedw.) Brid. 

Substrate samples wer e coll ected in areas where comparatively close 

colonies of each moss species were growing. A bamboo spatula was used to 

collect them ""ith the moss. The total number of subsLrates sampled wa 

34: 13 of S. Jigulata, 9 of P. nippoJJicwn. 4 of L. juniperioideum. 3 of D. 

heteromalla, and 5 of C. umbellatus. These samples were placed in 

polyethylene bags a nd natural! cl.ned indoors. Substrate samples were 

carefully 'eparated from th e mos es. sharply observing whether the moss 
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bodies. such as leave·, stems and rhizoids, were present. If any wer found, 

they were removed from the sample using th e iweczcrs with non-metallic 

tips. Then the samples were sieved to obtain under 2 mm diameter grains 

which wm·e further ground up by using a morLar and sifted out "''ith a 32 

mesh screen. 

Leaching procedures to estimate the exchangeable or extractable 

elements in the substrate · of some bryophytes including "copper mas es" 

have been developed by some authors. Warncke (1968) and Wilkin (1977) 

used an ammonium acetate leach (pH 7) for the s ubstrate of tlJe livt>rwort 

Jll[a.J·chantia alpestris (Nees) Burgeff and the "coppex mosses·· JlfielJchhoferia 

elongata etc., respectively. \Vilkins (1977) sugge, ted that leaching with 1N 

ammonium acetate solution was an accepLable technique for the estimation 

of plant-available u:on, while b e noted that this leaching method did no1 

provide the best estimate of plant-available copper. Coker (1971) used a 

mL"{ture of hot nitric I hydrochloric acid to leach the elements from the 

substrates of M elongata and Saelania glau.cescens (Hedw.) Broth. in 

Bomauss et Broth. The solu6on were analyzed for calci um, chromium, 

cobalt, copper, iron, lead, lanthanum and yttrium using an atomic absorption 

spectrophotom eter . He also tested the a queous extracts of five grams of the 

substrate in fifty milliliters of deionized water and analyzed , u]fate 

concentrations usi ng UV spectropbocometer. Hi ~ results of the eluted 

sulfate concentrations compared with that of Pigott (1958) (1 1,800 ppm). 

Coke1· (1971) noted that there were considerab le differences in the analyses 

from the Scottish and English sites for 111. elongata and that these reflected 

the possible range of edap hic conditions under which 111. elongata could grow. 

Brown and House (1978) extracted copper in the s ubstrates of the hepatic 

6 



Jungermam11'a gracillima Sm. (Solenostoma crenulatum (Sm.) Mitt.) by 

either deionized water, 2% EDTA or 1000 microgram I gxam lead nitrate. 

The la tter solution was used for comparison with copper and potassium 

displaced from the bryophyte by lead nitrate. They suggested that the 

bxyoph)rtes appeared to be cap able of substantial accumulation of coppel' 

from the soil. While Brown and House (1978) did not comment the 

relationship b tween the copper concentmtion of the plant body and th 

concentrations of either water-soluble m· 2% EDTA extractable copper in the 

s ubstrate, Brown (1982) mentioned that plant available copper was possibly 

in a chelate form and EDTA or other cornplexing agents would be better 

extracta.nts than an ammonium acetate (pH 7). Sh aw (1987) u sed 1% 

hydrochloric acid to extract cations, namely copper, zinc, lead a nd iron, in 

the substrates of S. cataractae from six localities in th e east rn U nited 

States. Four of the six localities were on mine tailings in the Piedmout of 

North Carolina and two were in undisturbed habitats. His chemical 

analyses of the substrates from these localities showed that fiv e of the ix 

population grew ou copper-enriched soil, but the one substrate . a mple low 

in copper wa s very high in iron. 

The bryophytes would absorb the nutritive s ubsLances a nd also polluta nt. 

with the water-soluble form into their system through their whole urface of 

the body (Taoda 1974 ; Berg and Steiunes 1997; Nagano et al. 199 ). The 

soil analysis using the water -soluble method (1: 10 soil:wa1er ) has b een 

adopted by the Environment Agency of Japan to estimate Lhe environmental 

quality of soiL The Envi.ron men tal Quality Standards for Soil were 

formulated in accordance with Article 9 of the Basic Low for Environmental 

Pollution Control on Augu t 23. J 991, as the stand ards to protect human 
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health and con~erve the li v:ing environ meni. 

Taking account of the above-mentioned 1ssues, author used the distilled 

water as a solvent to extract the clements in the substrate of the bryophyte. 

The lulTy ratio of soil to water was n ot 1:10 but 1:2.5 by weight, which was 

the same one to be u sed at the soil pH mea urement throughout the world 

(Department of Applied Biochemistry and Department of BiotechnolO!-'Y· 

Graduate School of Agriculture and Life Sciences, The University of Tokyo 

1995; Kennedy 1992: Malhj eta!. 1995) because author intended to find the 

relationship between the water-soluble elements and the pH v::Uue. 

Twenty-five milliliters of dis tilled water were added to ton gTams of each 

sample. The mixtures wer e theu stirred. eluted an d a llowed to ·t.a nd for 24 

hours. This stauding time was determined to obtain the optimum pH value 

(Nagano and Wada 1974). The pH nnd the metal contents (ixon , copper, 

zinc, etc.) of the supernatants were mea m·ed using a pH meter a nd an 

atomic absorption spectrophotometer, r espectively. The barium s ulfate 

turbidimetric method was used to meas w·e the sulfate con centration 

(Japanese Standards Association 1993). The ambient tempe1·ature at the 

time of these measm·emeuts was 23-25°C. 

1.3. Results an d Discussion 

The chemical analyses of the moss substrate are shown in Table l -1. 

The pH values of t he substrate of S. Jigulata which formed colonies on the 

black slate were 3.37 - 4.46 (average 3.90). These values were . lightly 

higher than those measured foT the same sp ecies by Noguchi (1956) (1·ano-e 

2.4- 4.3. average 3.50). those by Persson (1956) (range 2.50 - 4.53, aver age 

3.44) aud those by agano et al. (1969) (range 2.06 - 3.90. ave rage 2.98). 
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Despite of this, the pH of the substrate of S. h'gulata was much lower than 

those of P. 11ippanicum, L. ju11iperioideum, D. heteromalla. and C. 

umbellatus which were growing on the same rock wall. The pH values, a 

well as the concentrations of chemica l composition such as iron and sulfate, 

differed between the substrates of . ligulata and tho~e of the four oth er 

mosses. 

These two groups we1·e compared by the amount of disperswn and bias in 

measured values using the .F-test and the t-test, respectively. The F-tes 

was carried out before the t-tesL according to the establi h d method 

(Yonezawa er; a l.). .F-tests and t-tests showed a ignificant difference 

between those two groups. The results of th se calcul ations are shown i.n 

Table 1-2. No difference in the pH was observed by the .F-te L, bul 

significant differ ences were found for the pH and the i:ron and the ulfate 

1 vels. Neither the .F-test nor the t-test could effectively detect a difference 

between the concentration s of copper and zinc, s ince sampl es contained only 

minute amounts. The substr ar;e of S. Jigulata had a lower pH value (by a 

factor of about 1.5 on average) and hi gher concentrations of .iron (by about 

five times on average) and sulfate (by abou t two times on average) than 

those offour other mosses. 

Nagano (1976) pointed out that, with l·espect to the vegetation, the black 

slate could be divided into two d:ifferent type due to their geologica] 

characteristics. The species that developed on the black sla·Le 111 some 

places are similar to those gro·wing on limesLone, while in other places, the 

species strongly resemble those on the siliceous or mineralized r ock. The 

lar;rer rock type is generally distinguished from t he black slate and r eferred 

LO as siliceo us black sla te. This type of rock tends to have more s ilica and 
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sulfate and less alumina a nd lime than the normal black s la te. 

Furthermore, the pH values of th e weathered stuface laye1· of iliceous black 

.late varied fTom 2.8 to 6.4. In p articular. the weathered rock soil contained 

a limonite-like sub tance that is stron gly acidic (pH 2.8 - 5.4). Given the 

mo. s species appearing on it and the res ult. of ch emical analyse<' of theu· 

substrates, the black slate in this study may be co n ider ed Lo be a t)1Jical 

siliceo us black slate. 

To determine the correlation betwee n the chernical elements in the 

substrates, the pH to the iron concentration, the pH to the sulfa t e 

concentration, and the iron concentration to the sulfate concentration were 

plotted on graphs with the regression curve which was fittes t for the plotted 

points on each graph (Okuno 1984). The. e r esults are hown in Figs. 1-1 , 

1-2 and 1-3. The coefficient of determination (k } between each of two 

components wa calculated. High correlations (R! = 0.794, .!?" = 0.666 and 

.R" = 0.810, p<O.OOl) were observed between the pH and the iron 

concentration, the pH and the sulfate concentration, and the iron and th 

sulfate concentrations, respectively. The relationship between the pH and 

the iron concentration and the pH and the sulfate concentration were 

inver e ly proportional (Figs. 1-1 and 1-2) , while the relationship betwee n the 

h·on and the sulfate concentration. wa directly proportional (Fjg. l -3). 

Although the relationships bet ween the copper or zinc concentration a nd Lhe 

o~her elements were also calculated, no relationship was found. Thus, the 

pH. the iron concentration and the s ulfate concentration a re not only 

important factors for the limonite-like s ubstance in the ubstrate of S. 

Jjgulata. but are also clo ely r lated to each other. 

Thjs stud_,. area covered about 20 squa re m eters on the same black late. 
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1n the field, a limonite-like substance was found adhered to the substrate of 

S. Jigulata, but not to those of four oth eT non-copper mosses. In spite this 

narrow area, the differences between the substrate of . ligula/a and those of 

the other mosses was discernible, based on the water-soluble chemical 

elements mentioned above. The relation hip among these three elements 

was determined. Namely, the concentration of wate1·-soluble sulfate was 

cl:il'ectly proportional to that of water-soluble iron. a11d t.be pH Ynlue was in 

inversely proportional to the concentrations of water-soluble sulfa1;e and iron. 

The e suggest that the water-soluble sulfate wa leached from the 

pe1·meable siliceous black slate, which wa rich in sulfate, by the percolating 

rainwater. The interflow or the subsurface stoJ·mflow including sulfate 

would dissolve iron while slowly percolated downward tru·ough the ilic ous 

black late. When the subsurface water containing sull'nt.e and iron reached 

. ome parts ofrock face, evapm·ation occurred, leaving sulfate and iron on the 

rock face. S. Jigulata appeared to prefer s uch a strongly acidic place, Tich in 

tbe water-soluble sulfate and iTon. It was not clear that the formation of 

the limonite-like substance was affected by the bioaccwJlnlation of S. 

ligulata. Further studies on this subject will be required. 

Noguchi and Furuta (1956) pedormed culture te ts on the regeneration 

from leaves and the germination of ·pores on S. Jjgulatn and S. cataractae, in 

order t·o clari.[y the reproductive mechanism of these two . pecies. They also 

carried out several experiments using CuSO, and FeCl3 to clarify the 

pos ible role of the copper-ion, iron-ion and sulfm 111 the live of th se two 

species. They noted that the spores of S. ligulata did not germinate in the 

medium containing more than 0.1% CuS04 , but that they germinated well in 

media containing FeCI". Regrettably, the correlation betv•een the pre ·ence 
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of sulfur and the growth of plants or the germination of pores was not 

determined in their study. Further culture tests of S. ligular.a using FeSO,, 

and/or Fe2(S04)a instead of FeC13 seem to be neces ary. 

1.4. Conclusions 

Chemical analyses of elements eluted from the su bslrates of a "coP1)e~· 

moss" S. Jigulata and fotu other non-copper mosses which g1·ew on the same 

black slate rock wall were studied. The following results obtained. The 

pH value and the water-soluble sulfate and iron levels of the Rubstrale of . 

ligulata are significantly different from tho e of four other mo. es. A very 

hi gh correlation of the above chemical data was observed. The 

relationships between the pH and the iron concentrat ion and the pH a nd the 

sulfate concentration were inver"ely proportional , while the relationship 

between the sulfate and the li·on concentr ations was directly proportional. 

The water-soluble copper and zinc li1 the substrate of S. ligulata were 

present in most samples, but at much lower level than the water- oluble li·on. 

Conversely, the water-soluble copper and zinc in the substra tes of four other 

mosses were rarely detected. 
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Table 1-1. Chemical analyses of samples luted from the mo:;s sub sh-ates. 

.loss Sample pH Fe u Zn so.,z· 
species No. value mgL·' mgL·' mg L·' mgL·1 

Scopelophila 1 3.37 3.20 0.13 0.13 10.62 

ligulata 2 3.76 7.6 0.64 0.13 17.54 

(8.1.) 3 4.05 2.56 0.51 0.13 12.03 

4 3.94 6.78 0.38 0.26 16.00 

5 4.12 2.56 0.26 0.26 10.88 

6 3.96 4.48 0.26 0.13 .32 

7 4.46 3.84 0.13 <0.0 1 11.14 

8 4.03 4.35 0.13 0 .13 13.44 

9 3.49 8.06 0.10 <0.0 1 20.86 

10 3.44 6.14 0.08 <0.0 1 10.8 

11 3.79 5.89 0.26 0.13 8.32 

12 3.80 7.94 0.26 0. 13 20.22 

13 4.08 3.84 0.38 0.05 10.37 

Average 3.87 5.18 0.27 0.12 13.12 

SD 0.3 1 2.01 0.17 0.08 4.22 

Pogonatum 1 5.07 2.18 0.05 <0.01 11.14 

nipponicum 2 5.33 0.38 <0.0 1 <0.01 5.38 

(P.n.) 3 5.11 1.92 <0.01 <0. 01 8.32 

4 5.18 0.38 0.05 <0. 01 5.76 

5 5.67 0.51 <0.01 0.26 6.02 

6 5.53 1.92 0.03 <0.01 7.55 

7 5.57 0.64 <0.01 <0.01 5.12 

8 5.36 1.54 <0.01 0.13 5.25 

9 5.66 0.51 <0.01 <0.01 4.86 

Leucobryum 5.01 1.54 <0.01 <0.01 4.86 

juniperioideum 2 5.66 0.38 <0.01 <0.01 5.12 
(L.j) 3 5.55 0.26 <0.01 <0 .01 4.48 

4 5.52 0.26 <0.01 <0.01 4.48 

Dicranella 1 5.80 1.54 <0.01 <0.01 6.9 1 
heteromalla 2 5.42 0.38 <0.01 0. 13 6.02 

(D.h.) 3 5.63 1. 28 <0. 01 <0.01 6.27 

Campylopus l 5.64 1.92 <0.01 <0.01 7.55 
umbellnrus 2 5.47 0.26 <0.0 1 <0.01 4.35 

(C.u.) 3 5.25 1.79 <0. 01 <0.01 7.94 
4 5.16 0.26 <0.01 <0.01 4.61 
5 4.94 230 <0 OJ <0.01 :3.38 

non-copper mosses Average 5.4 1 1.05 U.Ol 0.03 6.07 
SD 0.25 0.76 0.01 0.06 ].67 

Other heavy metal . such as Gel. Pb, etc., wet·e not deLecLed. Fm co nvelllencc, 0.01 
was tlsed in ca lculation for <0.01. SD. standard deviation. 
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CHAPTER II 

Chemical Elements in the Substrate of Scopelophila h"g-ulata (Spruce) Spruce 

and the associated mosses growing in the different h abitat 

2.1. introduction 

"Copper mosses'' have a p eculiar ecology and baq? puzzled scientist.!; 

including bota nists, ecologists, applied biologists. geologists and olhcrs (Paul 

1.981). Scopelophila ligulata (Spruce) Spruce is a t)lJICal ''copper mos " 

(M:hten son and Berggren 1954; Kitagawa 1987: Noguchi an d Ochi 1956) 

and its habitat h as been Teported to include subs trates rich in heavy metals 

such as copper , lead, zinc a nd iron (Noguchi and Ochi 1956; P er sson 1956), 

rocks cover ed with limonite (Noguchi a nd Ochi 1956; Noguchi and Furuta 

1956; Nagano eL al. 1969), a11d s ulfurous springs (Persso n 1948, 1956; 

Noguchi and Ochi 1956). 

The s tudie including chemical analy e of bryophyte substrates were 

reviewed. These studies wer e summarized in Table 2- l. Chemical 

an aly. es of the sub tl·ates of "copper mosse," and similar bryophytes h ::•ve 

been 1·igorously carried out by P ersson (1956), Shacklette (1965, 1967) a nd 

other . However , the plant-substrate rela tionships have n ot yet been 

totally resolved ('iVarnck e 1968; Shaw 1987; BTown 1982; lwatsuki and 

1\Iizmani 1972; Takagi 1986). Especially the substrate a nalysis using th e 

water-soluble method has not been adopted although the bryophyte would 

absorb the pollutants uch as h eavy metals with the water-soJuble form into 

their L1ssues through their whole SUJ'face of the body (Taoda J 974: Gull vag 

and SkaaT 1974; Berg a nd Steinnes 1997). 

Nagano et al. (1999) studied that the water-soluble chemical e lements 

eluted from the s nbstTates of S . Jjgulata, a "copper moss" ru1d four other non-

17 



copper mosses, Campylopus umbellatus (Arm.) Par .. Dicranella heteromalla 

(Hedw.) Schimp., Leucobqwn jumperioideum (Briel.) C. Muell. , and 

Pogorwtum mpponicum Nog. et Osacla, all of which grew on the same black 

slate rock wall. The re ults indicated that lh pH value and the 

concentrations of water-soluble iron ::mel sulfate in the , ubstrate of S. 

Jigulata were sigrilficantly different from t.hose of t.be four non-copper 

mosses , and a high correlation was found among these three elements 

(Nagano et al. 1999). 

Tlris study was performed to determine whether or not the afore­

mentioned observations by Nagru1o et al. (1999) could be app lied to other 

habitat of S. ligulata. 

2.2. Materials and Meth ods 

2.2.1. Samples 

Twenty samples were collected in Nakatsugawa, Chichibu in Saitama 

Prefecture, where S.ligulata is found in abundance. Hornfels outcropped at 

many locations in this region, about 670-720 m above sea level, facing a deep. 

V-shaped gorge. Eleven of them at two sites (A and B) were chosen for this 

study within this area. 

Nagano et al. (1969) indicated that S. ligulata grew well on clili faces , but 

not on cliff shelves of the same rock wall. In this study, particula1· attention 

was paid to such ecological chaxacteristics of S ligulata on clif:f fac ~ and 

those of other mosses on cliff shelves located very near the babit.al of S. 

ligulata, but where S ligulata did not grow. Twenty samples were 

collected; eleven of them \vere S. ligulata from the cliff faces; and nine were 

non-copper mosses from the cliff shelves. 
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Hornfels formed bedrock at both A and B sites. At site A, S. hgulata, 

along with small co= unity of Jungermannia vulcanicola Steph., grew in a 

c.wwded group on the vertical cliff face. Woodsia manclwn·ensis Hook. , 

Nru·dia assamica (Mitt.) Amak., Dicranella heteromalla, and 

Pseudotaxiphyllum pohliaecarpum (Sull. et Lesq.) Iwats. grew on a cliff shelf 

about 1.5m from the bottom of the rock and in an ru·ea about 0.65m in width, 

which contained some gravel. Ai site B, S. JJ"gulata partially accompanied 

by J. vulcanicola and Scapania stephami K. Muell. grew in crowded group 

on the vertical cliff face, as well. Dennstaedtia h.ll·suta Mett. , plantlets of 

Cleichenia <T]auca Hook. , N assamica, D. heteromalla. Pogonatum 

nipponicum, and Pohlia prohgera (Kin db.) Lin db. ex Arn. grew on a cliff shelf 

about 1.8m from the bottom of the rock wall. 

2.2.2. Sampling and Treatment 

Substrate samples were collected in areas where comparatively dense 

colonies of each of the moss species were growing. A bamboo spatula was 

used to collect them along with the moss. These samples were placed in 

polyethylene bag and naturally dried indoors in the laboratory. Substrate 

samples were carefully sepaxated from the mosses, clo ely observing 

whether plant bodies, such as l aves, stems, and rhizoids , were present. If 

any were found, they were removed from the sample using the tweezer with 

non-metallic tips. Then the samples were sieved to obtain under 2 mm 

diameter grains which were further ground up by u ing a mortar and sifted 

out with a 32 m esh screen. 

Th e leaching method was the sam as Nagru1o et al. (1999). Twenty-five 

milliliters of distilled water were added to ten grams of each sample. The 
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mixtures were then stirred and eluted for one hour. They were allowed to 

stand for twenty-four hou~·s to obtain the optimum pH value, following the 

procedure of Nagano and Wada (1974). The pH and the metal contents (iron, 

copper, zinc, etc.) of the upernatant liquids were measmed using a pH 

meter and an atomic absorption spectrophotometer, respectively. The 

sulfate concenu·ation was determined using the barium sulfate turbidimetric 

method (Japanese Standards Association 1993). The ambient temperature 

at the time of measurement was 23-25·c. 

2.3. Results and Discussion 

Analytical results of the moss substrates are presented in Table 2-2. The 

pH values of the substrate of S. ligulata, which fonned colonies on vertical 

cliff faces of the hornfels, were 2.01 · 2. 76 (average 2.50). These values 

tended to be much lower in comparison with the values measured of Pers on 

(1948,1956), Nagano eta!. (1969, 1999) and Noguchi (1956). For the heavy 

metals, similar results were obtained for copper and zinc concentrations to 

tho e determined by Nagano et al. (1999) in their inve tigation ofthe soluble 

chemical elements in the substrates of S. hgulata on black slate. The iron 

and su)fate concentxations tended, however, ro be much higher in 

comparison with the measured vah1es than in the study by Nagano ct al. 

(1999) 

F-tests and t-tests were w~dertaken to compam the substrate_ of S. 

hgulata and those of the other non-copper mosses. The F-test was carried 

out before the t-test according to Lhe established method (Yonezawa et al. 

1996). The results ar e shown in Table 2-3. The t-tests showed a 

ignificant difference between the two groups, except for the copper and zinc 
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concentrations. The substrate of S. ligulata had a lower pH value (by a 

factor of about 1. 7 on average) and higher concentrations of iron and sulfate 

(both by about two times on average) than those ofthe non-copper mosses on 

the cliff shelves. To explain the difference of the iron and sulfate levels 

between the cliff face and the cliff sh elf on the same rock wall, Nagano et al. 

(1999) suggested that the interllow or subsurface stormflow dissolved iron, 

along with high concentrations of sulfate, slowly percolated downward 

through the rock, and deposited this iron and sulfate on the cliff face when 

evaporation occmred (Fig.2-1). Fmthermore, it wa remarkable that there 

was no significant difference in copper and zinc concentrations between the 

substrates of S }jgulata and those of the other non-copper mosses. 

The maximum coefficient of determination (R!) between each combination 

of two constituents was calculated. Bighly negative correlations of 

R!=0.837 (p<0.001) and R!=0.901 (p<O.OOl) were found between the pH value 

an.d the iron concentration, and the pH value and the sulfate concentration, 

respectively. Also, a highly positive correlation of .R'=0.841 (p<0.001) was 

found between the iron and the sulfate concentrations. The pH versus iron 

concentration, the pH versus sulfate concentration, and the iron 

concentration versus sulfate concentration were plotted using a best-fit 

regre sion (Okuno 1984). These are shown in Figs. 2-2, 2-3 and 2-4. Tbese 

results confirmed the relationship · between three elements that we1·e 

pre ented by Nagano et al. (1999). 

No relationship was found between the copper and zinc concentrations 

and other elements, while a slight] · positive correlation of R'=0.260 (p<0.05) 

was found between the copper and the zinc concentrations themselves. 
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The pH value is wor thy of additiona l discu ssion . The pH values from the 

cli ff shelves, on which S ligulata did not g1·ow at all, wer e 3.70 - 4.90 

(aver age 4.19), and those values with a few exceptions (pH values 4.82, 4.83 

and 4.90 in Table 2) were in the r an ge of the suitable pH values of the 

sub tr ates of S ligulata tha t were repor ted in several studies cited 

pre viously in this rep or t. This woul d indicate tha t a factor other th an pH 

con trolled whether or not S. hgulata would gr ow in a p art icular location . In 

light of this, lhe pH value appear to be a secondary factor for the habitat of 

S. ligulata. 

Sever a l bryophytes h ave been described as "copper mosses". .A.J though 

orne studies have focused on t he rela tionship between these "copper mosses" 

and their substra tes, a definitive expla nation has not yet been obtained. 

Al though S. ligulata, along with S. cataractae (l\1itt.) Broth . h as been famous 

as a "copper moss", S lig ulata seem s to prefer ir on to copper th at differ s fTom 

S. cataJ·actae which seem s to be strongly related with copper . The water ­

soluble iron , in conjunction with the wa ter- solubl e S\tlfate in the substrate of 

S. bgulata, appear t o be a major factor in fixing the pH value of i t s subs trate. 

S. lig ulata may grow well on such 1·estr ictive substra te wher e r ela tively 

hi gher water-soluble iron and sulfate ion exist, hence lower pH value. 

2.4. Conclusion 

In this report, we discussed th e water- oluble chemical elemen t 

concen tration s iu the substrat es of S. lzg ulata. There was a s ign ifi can t 

difference in the pH value and the water- soluble iron a nd s ulfate 

conce nt rations betwee n the sub strates of S. hgulata on cliff faces a nd those 

of other non-copper mosses on th e cliff shelves loca ted just above the S. 
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Jigulata. Very high correlations (p<O.OOl) were found among the pH value, 

the concentration of water-soluble iron and that of water-soluble sulfate. 

Water-soluble copper and zinc were detected in all substrate samples, but no 

relationship was found except between the copper and the zinc 

concentrations themselves (.R-"=0.260, p<0.05). 
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CHAPTER Ill 

Chemical Elements in the Substrates of Scopelophila cataractae (Mitt .) 
Broth. and Mielichhoferiaja.ponica. Besch. 

3.1. Introduction 

The habitat of S. cata.ra.cta.e (Mitt.) Broth. was 1·eported in detail by 

Sa take et al. (1988). It has been well establi hed that S. cataracta.e occurs 

not only in nattu·al s urroundings but al o grows in and around man -made 

edjfices uch as copper roofs, a nd bronze statues and garden lanterns 

(Sa take et al. 1988). Meanwhile, !v[ielichhoferia mielichhoferi (Hook.) Wijk 

et Marg .. taxonomically closed to JJ!I. japonica Besch , has been found on 

minerali zed rock-faces in Em·ope, the Caucasus, and orth America. 

As yet, studies on the heavy metal s in the ubstr ates of "copper mosses" 

have been done limited and a definitive explanation for the occurrence of 

"copper mo. ses" has not yet been obtained (Brown 1982; Sha w 1987; Nagano 

et al. 1999; Aikawa et al. 1999). The water-soluble chemical elements 

eluted from the s ubstrates of S. ligula.ta (Spruce) Spruce and other non­

copper mosses were studied by Nagano et al. (1999) a nd Aikawa et al. (1999). 

The re. ults indicated tha t the pH value and the concentrations of water-

soluble iron and sulfate in the substrate of S. ligulata were significantly 

different from those of the non-copper mosses, and a high correlation wa 

foUJ1d among these three elements (Nagano et aJ. 1999; Aikawa et al. 1999). 

This study was performed to determine whether or not the a fore-

mentioned observations could be applied to species of "copper mosses" other 

Lhan S. Jig u1ata, na mely S. cataJ·acta.e and M .fa.ponica. 

3.2. Materials and Methods 

3.2.1. Samples 
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Seventeen samples of S. cataractae were collected fTom a mineralized 

rock-face, at abo ut 700 meters above sea level, located in Tochigi Prefectm e. 

In Japan, S. cataJ"actae ca n be fo u11d west of the Kanto Region on t he 

western par t of Honshu Island, namely at the Nikko Toshogtt Shrine in 

Tochigi Prefecture; the Chi chi bu District in Saitama Prefecture; the 

Yasukuni SID·ine, t he Zojyoji Temple and th e Honmonj i Temple in Tokyo; in 

Kamakura in Kanagawa Prefecture; in Saijyo in Ehime Prefecture on 

Shikoku Island; and in Hinokage il1 lVIiyazaki Pre fectul'e on Kyushu Island. 

Foul'teen samples of 111. japom·ca were collected £rom the mineralized 

rock-face located ill Tochigi Prefecture where the S. cataractae sample were 

obtained. As mentioned above , jjtf miejjchhofen · is found in Europe, th e 

Caucasus, and Nor th America. lVI japonica is endemic to J apan and can be 

found in t he north to central regions of Honshu and on Hokkaido. Thus, 

thi species ha. a different geographical di tribu tion £rom that of S. 

cataractae. Tochigi Prefecture is located on the n o1thern boundru·y of the 

habitat of S cataractae, while it is located on the almost southern boun dary 

of that of M japonica. Shacklette (1967) pointed out tha M . mi elichJwf'e1i 

was one of t he bryophytes which could il1dicate the type of metals contained 

in the S\lbstTa te. This is ba d on the fact th at M mielichhofen· grows on 

clay . la te, rich in iron pyri tes. in the southern Appa lachian Mountains a nd 

on mineTalized rock-faces in several other places in or th America. 

3.2.2. Sampling and Treatment 

SubstraLe samples were collected in ru·eas where comp ru·at ively dense 

colonies of each of t he moss species were found . A bamboo spatula was 11sed 

to collect them along wi t h the moss. These samples wer e pl aced in 
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polyethylene bags and naturally dried indoors in the laboratory. Substrate 

samples were carefully separated from the mosses, closely observing 

whether moss bodies, such as leaves, stems, and rhizoids, were present. If 

any were found , they were removed from the sample using the tweezers with 

non-metallic tip . Then the samples were sieved to obtain under 2 mm 

diameter grains which were further ground up by using a mortar and sifted 

out with a 32 mesh screen. 

The leaching method was the same as Nagano et al. (1999). Twenty-five 

millil iters of distilled water were added to ten grams of each sample. The 

mixtures were then stirred and eluted for one h om·. They were allowed to 

stand for twenty-four hours to obtain the optimum pH value, following the 

procedure of Nagano and Wada (1974). The pH and the metal contents 

(iron, copper, zinc, etc.) of the upernatant liquid ·· were measured using a pH 

meter and an at.omic <tbsmption spectrophotometer, respectively. The 

sulfate concentration was determined using the barimn sulfate turbidimetric 

method (Japanese Standards Association 1993). The ambient temperature 

at the time of measurement was 23-25°C. 

3.3. Results and Discussion 

Analytical results of the substrates of S cataractae and M japo11Jca are 

shown in Table 3- l. These two moss species were compared using the .P-test 

and the t-test. These statistical results are shown in Table 3-2. The pH 

values of the substrate of S. cataractae were 3.59 - 4..88 (average 4.03), and 

Lhose of M japo11ica were 3.22 - 3.97 (average 3.62). The t-test showed a 

significant difference (p<O.Ol) between these two moss species. The pH 

value of Nf. japo11ica was slightly lower than Lhat of S. cataractae. 
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Meanwhile, the water-soluble iron in the sub trate of S. cata1·actae was 

<0 .01 - 0.30 mg L·' (average 0.07 mg L"') and that of M Japonica was <0.01 -

1.70 mg L·' (average 0.40 mg L·'). ("<0.01" was calculated as 0.01 mg Ll, for 

convenience). The t-test showed a significant difference (p<0.05) between 

the two moss species. The water-soluble iron concentration in the sub tra e 

of Jl.1. Japonica was slightly higher than that of S. cataiactae, while the iron 

concentrations of both S. cataractae and 111. Japonica were much lower than 

that of the S. ligulata mentioned above. The water·soluble copper in the 

substrate of S. cataractae was 0.62 - 9.85 mg L·' (average 3.76 mg L·') and 

i.hat of M .faponica was 0.41- 21.5 mg L·' (average 8.09 mg L"'). The t-test 

again showed a signillcant difference (p<0.05) between the two moss species. 

The water-soluble copper concentration in the ubstrate of J.1. .iaponica was 

higher than that of S. catan1ctae. The water-soluble zinc in the substrate of 

S. cataractae was 0.23 - 7.18 mg L·' (average 1.68 mg L'). and that of M 

Japom·ca was 0.25 - 15.0 mg L·' (average 4.89 mg L"'). The t-test showed a 

significant difference (p<0.05) between the two moss species. The water­

soluble zinc concentration in the substrate of J.1. Japonica was higher than 

that of S. cataractae. The water-soluble sulfate in the subsnate of S. 

cataractae wa 7.60 - 60.5 mg L·' (average 27.0 mg L·'). and that of M 

Japonica was 9.20 · 4 78 mg L·' (average J 75 mg L·'). The t·test showed a 

significant difference (p<0.05) between those two moss peoes. The water· 

oluble sulfate concentration in the substrate of A1. Japonica was higher than 

that of S. cataractae. 

The maximum coefficient of determination (R-) between two component 

combinations of the substrate constituents was calculated using computer­

software and method developed by IBC '0., LTD. in Miyazaki, Japan. The 
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results for S. cataractae are show n in Table 3-3 (Case 1). Correlatio11 

coefficients of R"=0.262 (p<0.05) and R"=0.5 17 (p<O.OO l) were found between 

the pH value and the . ulfate concentration and the zinc concentration and 

the sulfate concentration, respectively. Those of M japonica are also shown 

in Table 3-3 (Case 2). High correlations were observed between the 

elements. The iron and the sulfate (.R"=0.408, p<0.05), the copper and the 

zinc (1?"=0.440, p<O.Ol), and the zinc and the sulfate (1?"=0.733, p<O.OOl) 

were found to be directly proportional. The pH and the iron (if=0.507 , 

p<O.O l ). the pH and the zinc (1?"=0.403, p<0.05), the pH and the sulfate 

(ff=0.396, p<0.05) , a nd the copper and t he sulfate (1?"=0.471, p<O.O l ) were 

found to be inversely proportional. According] ·, S. cataractae and M 

japonica grew in the same viciillty, but not under the same chem.ical 

conditions of the water-soluble elements in the substrate. Thus, correlation 

analyses on thirty-one samples, S. cata1·actae plus Jvl. japonica were 

Lm clertaken. Those results a re shown as Case 3 in Table 3-3. Significant 

relationships were found b tween all two pair combi nations of the 

constituents, exc pt between the iron and the copper concentrations. 

Indeed, very high correla tions (p<O.OOl) were observed between each of two 

constituents combinations as follows. The iron and t he zinc concentrations 

(.R"=0.33:2, Fig.3-l), the iron and the ulfate concentrations (R-'=0.465, Fig.S-

2). t he copper and the sulfa te coucentr·ations (.R"=0.343. Fig. 3-3), and the 

zinc and the sulfate concentration s (.R"=0.707, Fig.3-4) were directly 

propor t ional. The pH value and t he iron con centration (.R"=0.32 1, Fig.3-5) 

was inversely proportional. Relationship between the pH value and the 

copper concentration, the pH value and the zinc concentration, and the pH 

value and the sulfate concentration was R"=O.l 7 (p<0.05 , 1?"=0.140 
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(p<0.05), and .R"=0.268 (p<O.O l , Fig.3-6) with inversely proportional, 

respectively. 

3.4. Conclusion 

In this report, we di cussed the water-soluble chemical element 

concen trations in th e substrates of S. cataractae, and M japonica. There 

was a significant difference in the pH value (p<O.Ol), the water-soluble iron 

con cen tration (p<0.05), the wa ter-soluble copper con centration (p<0.05), the 

water-soluble zinc concentration (p<0.05), a nd the water-soluble sulfate 

concentration (p<0.05) between the substrate of S. cataTactae and t hat of Nl 

japonica. High correlations were obtained among these con stituents in the 

substr ates of S. cataractae and M japom·ca as iollows. The iron and the 

zinc concentrations (p<O.OOl), the iron and the sulfate concentrations 

(p<O.OOl) , the copper and the zinc concentr ations (p<O.O l ), the copper and 

the sulJate concentrations (p<O.OOl), and t he zinc and t he sulfate 

concen tra tions (p<O.OOl) were directly proportional. The pH value and iron 

concen tration (p<O.OOl), the pH value and copper concen tration (p<0.05), the 

pH value and zinc concentration (p<0.05) , and the pH value and sulfate 

concen tration (p<O.O l ) wer e inver sely proportional. 
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Table 3-1. Analytical res ults on chemical elements elu ed from the moss 
substrates. 

Sample pH Fe Cu Zn so.,'-
value mg:L" mg:L·' mgL·' mgL·' 

Sc 1 3.59 0.10 1.03 0 58 7.60 
2 3.78 001 3.08 0.43 8.20 
3 3.80 0.12 8.05 0.65 15.4 
4 3.82 0.10 5.68 5.36 50.4 
5 3.84 0.30 6. 10 0.23 23.0 
G 3.92 <0.0 1 2.90 0.53 24.8 
7 3.92 <0.01 9.85 2.45 20.4 
8 3.92 <0. 01 3.58 0.23 21.6 
9 3.92 <0.01 1.27 0.47 12.0 

10 3.94 0.20 5.76 7.18 48.6 
11 3.99 0.10 1.93 1.25 41.5 
12 4.01 <0.01 1.17 0.58 15.4 
13 4.07 <0.01 4.00 0.50 17.7 
14 4.08 <0.01 1. 52 0 58 17.2 
15 4.21 0.09 4.50 1.58 60.5 
16 4.88 <0.01 2.82 3.78 51.0 
17 4.82 0.10 0.62 2. 10 23.2 

Average 4.03 ± 0.34 0.07 ± 0.08 3.76±2.62 1.68 ± 2.00 27.0 ± 16.7 
Mj 1 3.22 1.70 6.66 6.00 424 

2 3.47 0.36 16.5 5.52 210 
3 3.47 0.09 7.16 3.78 23.0 
4 3.48 1.16 7.30 15.0 478 
5 3.49 0.38 4.06 3.14 206 
6 3.58 0.23 14.9 10.2 454 
7 3.61 0.23 18.2 10.3 111 
8 3.66 0.10 1.75 0.98 920 
9 3.70 0.01 3.76 0.25 25.8 

10 3.75 0.94 1.52 0.65 23.8 
11 3.75 0.24 6.90 10.1 414 
12 3.79 0.10 21.5 165 46.8 
13 3.85 <0.01 0.41 0.58 13.4 
14 3.97 <0.01 2.60 0.30 9.60 

AveTage 3.63 ± 0.19 0.40 ±0.51 8.09±6.86 4.89 + 4.79 175+188 
Other heavy metal . such as Cd. Ph etc., were not detected in a lm ost samples. For 

convenience. 0.01 was used in calculation foJ' <0.01. Sc: Scopelopl11la cacaractae; 

l\Jj: A1ielichlwfeJia japonica: Average: average ± standard deviation. 
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CHAPTER IV 

Contents of Heavy Metal Elements in Copper Mosses: Scopelophila ligulata 

(Spruce) Spruce, Scopelophila cataractae (Mitt.) Broth. and Mielichhoferia 

japonica Besch. and Their Substrates. 

4.1. Introduction 

Some peculiar mosses and hepatics have been studied with special 

interes t because of their peculiaT ecological characteristics. They seem to 

prefer metal ·rich soils, lithosols, rock , etc. as their subs trates although such 

an enviJ:onment is generally considered to be unfavorable for pl ant gr owth. 

These mosses and liverworts have been Teferred to as "copper mosses" 

because their substrates containing r emarkable amounts of heavy metals 

such as copper , iron. and lead, have been found by .field investigations and 

researches. ScopelophJJa hgulata (Spruce) Spruce, S. cataractae (Mitt.) 

Broth. and Mielichhofe1·ia mielicbhoferi (Hook.) Wijk et. Marg. were 

identified as one of the "copper mosses" long time ago (Per sson 1948; 

M:htensson and Berggren 1954; Noguchi and Ochi 1956). S. llgulata is 

widely distributed tbroughout Europe. the Azores. the Caucasus, China, the 

Himalayas, the Philippines, Indonesia (Java Island), Taiwan, Japan , North 

i\merica, Guatemala and Ecuador. S. caca1·actae is distributed the 

Himalayas, the Philippines. Taiwan, in the Korean Peninsula, Bolivia, 

Indonesia (J ava Island), India and North America. In Japan, it ca n be 

found in t he western part of Honsh u island. west of the Kanto region, and in 

Shikoku and Kyushu. M mielichboferi occurs in Europe. the Caucasus and 

North Ame1·ica. However, M fapam·ca Besch. , which i a close relative of Af. 

mielichlwfen·. is unique to Japan and can be found in nor t hern Honshu 
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(north of the central regions of J apan) and in Hokkaiclo. 

So far, studies on the h eavy metal contents in the mo s bodies and in 

their sub trates of "copper mosses" have been done limited (Brown 1982; 

Shaw 1987; Nagano et al. 1999; Aikawa et al . 2000). Leaching procedw·es 

to estimate the amotmts of exchangeable or extractable elements in the 

ubstrates of several bryophytes have been developed by some r esearch ers. 

since total analyses would overestimate the amount of elements available to 

the bryophytes. However, among the leaching methods, the water­

extraction method for heavy metal had never been applied, thou gh it was 

considered that the bryophytes may absorb the nutritive substances and al so 

pollutants in the water-soluble form into their system through the whole 

surface of their body (Taoda 1974; Berg and Steinnes 1997). In this study, 

the water-soluble chemical elements in t he mo s substr ates were analyzed 

together with total heavy metal contents in the moss substrates and moss 

bodies of S. hgulata, S. cataractae, and Jyf. japonica. 

4.2 . Materials and Methods 

Six samples of S. liguJata were collected from the mineralized rock-face 

located along the Nakatsugawa Valley in Chichibu, Saitama prefecture, at 

about 680 meters above sea level , facing a deep, V-shaped gorge. Hornfi ls 

formed the bedrock at this sit e. Samples of both S. cataractae (3 samples) 

and M . japonica (3 samples) were collected from the mineralized rock-face 

located near Ginzandaira in Asbio-cho. Tochigi prefecture at about 700 

meters above sea level. Rhyolite form ed the bedrock at this site. All the 

samples of mosse and their substrates wer e collected from the sites which 

had not been disturbed by huma n activity. Th e substrates were collected 
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using a bamboo spatula in areas where comparatively close colonies of each 

moss were growing. 

The substrate samples were kept in polyethylene bags, take n to the 

laboratory, and dried at room temperature. The substr ate samples were 

carefully separated from the mosses, by observing whether components of 

the mos. boclies, s uch as leaves, stems, a nd rhizoids, were present. If any 

were found, they were removed from the samples using tweezers with n on­

metallic tips. Then the samples wer e sieved to obtain under 2 mm diameter 

grains which were further ground by using a m ortar and sifted out with a 32 

mesh screen. The moss bodies were first thorouahly washed wi th distilled 

water and then they were car efully separated using a pair of tweezer s with 

non-metallic tips into a fresh green-colored upper part and a brown-colored 

lower part. Both parts were natlll'ally dried indoors. Contents of t he 

heavy metal~ such as iron, copper , zinc and lead in the moss boclies and 

ubstra tes wer e determined with an atomic absorption spectrophotometer 

after wet digestion with a mixture of nit ric I sulfuric acid (Department of 

Applied Biochemistrv and Department of Biotechnology, Graduate School of 

Agriculture and Life Sciences, The University of Tokyo 1995). 

Water-soluble elem ents in the substrates of the bryophytes were obtained 

as foll ows. Twenty-five millili ter s of distilled water were added to 10 £"rams 

of each ample. The mixtures were then stirred and shaken for one hom 

and a Uowed to stand for 24 h ours. After the pH measurement of the 

mixtm·es (Nagano and Wad a 1974) using a pH meter, the supernatants were 

filtered. Th e barium ulfa te tm-bidimetJ:ic method (Japane ·e Standards 

Association 1993) was used to m easure the sulfate concentrat ion in the 

filtrate. Then the filtr ate was decomposed with a mixture of nitric I s ulfuri c 
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acid (Department of Applied Biochemistry and Department of Biotechnology, 

Graduate School of Agriculture and Life Sciences, The University of 

Tokyo 1995). The heavy metal contents were determined using an atomic 

absorption spectrophotometer. 

analyzed using F-test and t- test. 

4.3. Results and Discussion 

The data obtained were statistically 

Tables 4-1 and 4-2 show the levels of chemical elements in bot h the moss 

substrates and the moss bodies. 

4.3.1. Moss substrate 

The pH values of the substrate of S. Jigulata was lower than that of S. 

cataractae and M .faponica (p<0.01). These results corrc ponded to the 

findings of Nagano et al. (1969) who studied the habitat segregation between 

S. liguJata and S. cata.ractae in Chichibu, Saitama prefecture. 

The content of water-soluble iron in the substrate of S.ligulata was much 

higher than that of t he two other mos es (p<O.Ol), and also the water-soluble 

sulfate content in the former was higher than that of S cataractae (p<0.01) 

and M .fapom·ca (p<0.05). On the contrary the content of wateT-soluble 

copper in the former appeared to be lower than that in the la tter although no 

significant difference£ were obsm·ved. 

agano et al. (1999) exa mined th e substrate of S ligulata and that offour 

other non-copper mosses which grow on the sa me rock face of black slate. 

They reported that the pH value of the substr a te of S. Jigulata was lower 

wh.ile the concen tra tion of waLer-soluble iron a11d sulfate were hi gher than 

those in the fom o her mosses. Naga no et al. (1999) also found a high 
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correlation among the pH value, the concentration of water-soluble iron and 

that of water-soluble sulfate. The pH value of the substrate of S. Jigulata, in 

this study, was also significantly lower than that of S. cataractae and J\!f 

japonJca, and the concentr acions of water-soluble imn and sulfate in the 

substrate of S. Jigulata were significantly higher than those of S. cataractae 

and M japonJca. Thus it can be concluded that S. Jigulata prefers an iron 

and sulfate-rich environment as its habitat, which would provide more acidic 

conditions as compared with the habitats of S. cata.ractae and J\1/.. japonica. 

The available data of total heavy metal contents in the substrates of 

classical "copper mosses" are as follows: ]1/f. elongata (Horn ch.) Hornsch. 

(Cu: 0.32- 0.77 g kg·') and Dryptodon atratus (Mielichh.) Limpr. (Cu: 0.53-

0.70 g kg·') in Sweden (Martensson and Berggren 1954); M elongata (Cu: 

0.03 - 0.45 g kg·') and D. atratus (Cu: 0.03 - 0.09 g kg"1
) in Europe. and S. 

Jigulata (Cu: 0.01 - 0.42 g kg·') in Europe, \~'est Java, India, Tu:rkey and the 

Caucasus (Persson 1956); Jl1. macroca1pa (Hook. ex Drumm.) Bruch et 

Schimp. ex Jaeg. et Sauerb. (Fe: 30.0- 70.0 g kg"', Cu: 0.15- 0.20 g kg·', Zn: 

0.05 g kg·' , Pb: 0.03 g kg-1) in Alaska, M mielichhoferi (Fe: 1.00 g kg·' , Cu: 

0.15 g kg·•, Zn: <0.2 g kg·', Pb: <0.01 g kg" 1
) in Michigan, and 111. elongata 

(Fe: 10.0 - 20.0 g kg-•, Cu: 0.01 g kg·' , Zn: <0.2 g kg·', Pb: 0.01 - 0.07 g kg-') in 

Europe (Shacklette 1967); M mielichhofen· (Cu: 0.10 g kg"') in Colorado 

(Hartman 1969): M elongata (Fe: 10.0 - 18.0g kg·', Cu: 0.30- 0.33 g kg·•, Pb: 

0.30- 0.3 1 g kg·') in Scotland (Coker 1971); M elongata (Cu: 0.03 - 0.04 g 

kg"1) in Britain (\;IJilkins 1977); S. cataractae (Fe: 23.0 - 114 g kg" 1
, Cu: 0.45-

7.00 g kg·', Pb: 1.07- 58.0 g kg·') in Europe (Sotiaux eta!. 1987); S. cataractae 

(Cu: 1.80- 7.00 g kg·', Zn: 0.60- 9.80 g kg·' , Pb: 4.60- 8.30 g kg·') in Britain 

(Rum ey a11d Newton 1989). The total iron content (Fe: 123-212g kg"1
) in 
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the substrate of S. hgulata in this study was higher t han that of the a bove­

mentioned "copper mosses" while the total copper, zinc, and lead contents in 

the :former were within t he range of those in the latter. The total iron, 

copper, zinc, and lead contents in th e substrates of S. cataractae and M 

faponica in this study wer e within the range of the contents in t he substTates 

of "copper mosses" in the above-mentioned s udies. 

The total iron content in the substrate of S. h{fulata was higher than that 

of S. cataractae and M faponica, r espectively (p<O.Ol). On the con tr ary th e 

total copper content in the substrate of S. lig ulata was lower than tha t of Jvf 

japoniea (p<O.Ol) and also the total zinc content in the substra te of S. 

hgulata was lower than that of S. cataractae (p<0.05) and M japom·ca 

(p<O.O l ), resp ectively . 

4.3.2. Moss body 

The toLal iron contents in both upper and lower p<u-t of the moss body of 

S. ilgulata were clearly higher than those of S. cata1·accae and 111. japonica, 

respectively (p<O.Ol). On the contrary the tota l copper contents of the 

former were lower than those of the la tte r. 

The limi ted data of total heavy metal contents in the bryophyte bodies of 

classical "copper mosses" ar e as fo llows: M macrocarpa (Fe: 7.70 g kg·' , Cu: 

0.15 g k g" 1
, Zn: 0.15 g k g·' , Ph: 0.003 g kg"' dry weight) in Alaska 

(Shacklette 1967); 111. elongata (Fe: 6.80- 8.20 g k g"' , Cu : 0.14- 0.15 g kg·' , 

Ph: 0.67 - 0.68 g kg·') in Scotland (Coker. 1971) ; S. cataractae (Fe: 1.30 - 30.8 

g kg·'- Cu: 9.04- 22.1 g k g"', Zn: 0.11- 0.32 g kg'1, Pb: 0.07 - 3.42 g kg-1) in 

J apan (Satake et al. 1988) ; S. cataractae (Cu: 8.4 4 - 17.9 g kg-') in Japan 

(Satake >t. aL 1990). The toLal iron content in the mos ·body of S.JJ{fuJata in 

this stud,- wa much highex th an that of the above-mentioned "copper 
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mosses" while the total copper, zinc, and lead con tents in the former were 

within the range of those in the latter. The total iron, copper , zinc, and lead 

contents in the moss bodies of S. cataractae and M japonica in this study 

were within the range of the contents in the moss bodies of "copper mosses" 

in the above-mentioned studies. 

Limited data of total heavy metal contents in the bryophyte bodies may 

have resulted from possible p1·oblem contamination. Some r esearch ers 

wer e concerned about the contamination which might be caused by substrate 

particles when they analyzed the plant body of bryophytes . Martensson 

and Berggren (1954) reported that they tried to analyze the mosses, but it 

was not possible to free the t ufts of alluvial sand, silt, and soil from the 

weathered schi t. Pigott (1958) mentioned that attempts to determine 

whether copper wa s actively taken up by Mielichhoferia had fail ed due to the 

difficulty in obtaining adeqwue material which was completely fr e from soil 

particles. Shacklette (1965) considered the bryophyte sample 

contamination in detail, and s tated that since many elements, with a few 

exceptions such as aluminum, silicon, titanium and zirconium , were 

generally concentrated in plant ash far in excess of the amounts found in the 

underlying soil or rock , the contamination of the plant sample with soil 

would lead to a decrea e of the percentages of these elements in the ash. 

Coker (1971) suggested that t.he use of ul trasonic cleaning methods may 

enable to obtain plant samples which would be almost completely free from 

conta mination with soil. Satake et al. (1988) used non-destructive analyses 

such as ener gy-dispersive X-ray fluorescence spectrometry and X-ray 

microanalysis in combination with scanning and transmission electron 

microscopy to address the problem of bryophyte sample contamina tion. 
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In this study, to estimate the contamination with substrate particles, the 

moss samples were separated into upper and lower parts after washing with 

distilled water thoroughly for many hours, then the heavy metal contents in 

those two parts were compared. Paired-sample t-test was carried out to 

con:fiJ·m the difference between the total heavy metal contents in the upper 

part and those in the .lower part of the moss body of S. hgulata, S. cata.ractae 

and M. japonica. The t-test could effectively detect differences only in the 

copper contents (upper part> lower part, p<0.05) of S. JJgulata, and the iron 

contents (upper part< lower part, p<O.Ol) and lead contents (upper part< 

lower pru·t, p<0 .01) of M japonica, respectively. However it was not 

possible to determine whether contamination had occurred. In the case of S. 

hgulata, the copper content o£ the moss body was almo t equal to that of its 

substrate. On the contrary, in the cases of S. cataractae and M japollica, 

the copper content of the moss body was higher than that of the substrate. 

Therefore, even i£ there was any contamination of the moss body with the 

ubstrate. there was no overestimation of the content of copper in the moss 

body. 

4.3.3. Differences between "copper mosses" and other bryophytes 

RegaTding the zinc and copper contents, the common bryophytes 

generally contained relatively high levels of zinc in both bodies and 

substrates (Shacklette 1965; Bowen 1979). High zinc contents in the bodies 

and substTates were also observed in most of the vascu.lru· plants 

(Bowen 1979). Shacklette (1965) performed an analytical study on 29 

species of bryophytes ru1d their substrates. The e bryophytes were non 

"copper mosses" but showed a different adaptability to the substrate on 
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which they grew. In 17 species of bryophytes in that study a wide range of 

choice for the substrates was available. The total copper and zinc contents (g 

kg·1 dry weight) were as follows: bryophyte bodies, Cu 0.01 - 2.00 and Zn 

0.05 - 20.0: bryophyte substrates, Cu 0.005 - 0.05 and Zn 0.025 - 4.00. The 

ratios of zinc contents to copper contents (Zn I Cu) in the bTyophyte bodies 

were 1.33- 133 (average 20.1) and those in their substrates were 1.25- 571 

(average 34.8). However, in the cases of S. ligulata, S. catm·actae and ]I![ 

japonica in this study, their moss bodies and substrates contained more 

copper than zinc while the zinc contents of the three mosses (moss bodies: 

0.04- 0.50 g kg·' , moss substrates: 0.04- 0.35 g kg"1) were within tl1e range of 

the values in tbe bryophyte bodies of the above-mentioned 17 species and 

their substrates, respectively. The ratios of Zn I Cu were as follows: S. 

h"gulata, moss bodies 0.11 - 1.59, moss substrates 0.09 - 0.72; S. cataJ"actae, 

moss bodies 0.01- 0.05, moss substrates 0.08- 0.56; M: japonica, moss bodies 

0.03 - 0.04 , moss . ubstrates 0.43 - 0.56. These values were very low 

comp ared with tho e reported by Shacklette (1965) as mentioned above. 

This phenomenon was considered to be one of the peculiar characteristics of 

these thr e kind of bryophytes known as "copper mosses." 

The lead content in the moss bodies of all three species was not different 

from that of the bryophytes in general (Bowen 1979). 

4.3.4. Differences between three "copper mosses" 

The r atios of wateT-soluble iron to water-soluble copper in the substrate 

of S. Jigulata were 10.3 - 46.1, values which were higher than those of S. 

cataractae (0.003 - 0.10) a nd M fapom·ca (0.01 - 0.62). The contents of iron 

and copper in both upper and lower parts of the moss bodies were al o 

completely different between S. hiJulata and the two other "copper mosses." 
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The ratio of total il·on content to total copper content of S. hgulata were 

207- 770, values which were much higher than those of S. cataractae (0.13-

4.39) and M japonica (0.48 - 4.93). S. ilgwata appeared to show a closer 

relationship with iron than copper, although it had been referred to as one of 

the "copper mo ses" (see Figs.4-l and 4-2). 

S. h/Julaca contained an average of 0.24 g kg·' copper in both its substrate 

and moss body. M japonica contail1ed an average of 3.40 g kg'1 copper ill it 

substrate and 9.00 g kg·' copper ill its mo. s body. While S. catru·actae 

contained an average of 7.10 g kg' 1 copper in its substrate and 15.2 g kg'1 

copper in its mo ·s body. These results indicate that the high value of 

coppeT in both substrate and moss body are characteristic of S. cataractae 

among the bryophytes known as "copper mosses." Satake et al (1990) al o 

reported that S. catru-actae accumulated a large amount of copper ill the 

protonemata and shoots, and contained 8.44 - 17.9 g copper kg·1 moss body 

(dry weight). 

Although ill the substrate of S. cataractae the iron content wa severaJ 

times hi gher than the copper content, in the moss body, the copper content 

was higher than the iron content (see Figs .4-1 and 4-2). Copper is usually 

t.oxic to the vascular plants except. when the concentration is low. Thus, the 

intake of large amounts of copper by S. cataractae is worth noticing. 

4.4. Conclusions 

The total and water-soluble element contents in the s ubr:>Lrate · and heavy 

metal contents in the moss body were analyzed in this study. The r esults of 

these chemical anaJyses were as follows. The il·on contents ill the moss 

bod~, and su b. trate of S. ilguJata were higher than those of S. cataJ·actae and 
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111. japonica. On the contrary the copper contents of the former were lower 

tha11 those of the latter. The pH values of substrate of S. Jigulata were 

lower than those of S. cataractae and M japonica. The concentrations of 

water-soluble imn and sulfate in the substrate of S. ligulata were higher 

than those of S. cataractae a nd M japonica. On the contrary, the water­

soluble copper concentrations Ul the substrate of S. Jigulata were lower than 

those of the others. Although in the substrate of S. cataractae the iTon 

content was everal times higher than the copper content, in the moss body 

the copper content was higher than iron content. 
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CHAPTER V 

Chemical species of iron in the bryophyte substra tes and their pH values, 

and efficiency of cleaning methods for contaminant ofbryophytes 

5.1. Introduction 

"Copper mosses" have been said. for a long time, t o be related to the 

s ub h·ate which con tain la rge a moun ts of heavy metals such as copper. zinc, 

iron and lead, while we have not a defi nite explanation for the reason why 

"copper mosses" grow well in s uch harmful conditions which ar e generally 

injurious to the plants . 

In t he past . analytical techniques wer e limited and obtaining adequate 

clean "copper roo s .. a mples was thwaned by the contamina tion of substr ate 

soil particles (M:ir tensson and Berggren 1954; Pigott 1958; Sat ake et al. 

1988). Thus, few studies wi th a nalytical results of the bryophyte body ha ve 

been publi hed. The e studies are summ arized in Table 5- 1, which include 

ome methods of clea nin g for bTyophyt.e body adopted in each study. 

Recently some bryopbytes, but not classical "copper mosses". are studied 

with t heir aqua tic environment. These aquatic bryophyt es are used as 

biologi cal monitor of wat er quality m· biogeochemical indicator of botan ical 

prospecting on mineralized area. The typical s tudies of those a re also 

summ arized wi th their cleanina methods in Table 5-2. 

In t his study, the a nal.v es of the water -soluble elemen t and total 

elemen tal contents in the subsh·ates, as well as the total elemental contents 

of t.he bryophyte bodies of three species belonging t.o classical "copper 

mosses" or simila r LO th a i which were growing in mineralized a reas in 

Sait.ama Prefecture, wer e performed . The stu dy wa · focused on the 
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relationships b tween the pH values and the water-soluble elements, 

especially s ulfate and iron (Fe 2
• and Fe3

" ) , in t he substrates, and a! o focused 

on the cleaning methods tor the bryophyte bodies to minimize the effects of 

contamination from the substra te particles. 

5.2. Material s and Methods 

All samples of Scopeloplnla ligulata (Spruce) Spruce. Campylopus sp . 

wbich is a close relative of C sd1warzli" Schimp., and Junge1-mannJa 

vulcanicola Steph. were collected from mineralized areas in Chichibu , 

Saitama Prefecture. AU samples of bryophytes and their substr ates were 

collected from miner alized rock faces, which had not been disturbed by 

hum a n activity. 

Substrate samples were collected in area where relatively close colonies 

of each moss were g1·owing. A bamboo spatula was used to collect th em 

with the bryophyte. These substra e samples, stored in polyethylene bags, 

were taken to the laboratory and n at"Urally cb:ied at room temperature. The 

ubstrate sa mples were carefully separat ed from the bryophy tes. sharply 

ob ·erving whether the bryophyte bodies, uch as leaves, stems and rhizoids, 

were present. If an~· were found, th ey were r emoved from the sample usin g 

tweezers with no~1-metallic tips. Then, the samples were sieved LO obr.ain 

under 2 mm diameter grains which were further ground using a mortar and 

pestle and screened at 32 mesh. F ive gr a m of bryophyte samples were firsl 

thoroughly washed and unfasten ed with distilled water stirring constantly 

for fifteen minutes. They wer then washed with 500 ml of 2% disodium 

dihydrogen el.hylenedia mine t etraaceiate dihydrate (EDTA) for one hour 

usin g a vertical baker (250 rpm). They were finally cleaned ultrason ically 
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at 38 kHz for 30 minutes using deioni zed water with 0.8% n eutral deter gent, 

followed by washing and rinsing again in deionized water. 

After wet digestion with a mixttu·e of nitric/sulfuric acid (Depar tmen t of 

Applied Biochemistry and Depa r tment of Biotechnology, Graduate School of 

Ag1·icult ure a nd Life Scien ces, The Univer sity of Tokyo 1995). t he heavy 

metal concentr ations, such a iron , copper etc., in the bryophyte bodies an d 

their su bstra tes wer e determined u sing an inductively coupled plasma 

atomic emission spectrophotometry. 

The wateT-soluble elements in the bryophyte ubstrates were examined 

using the method of Nagano et al. (1999) and Aikaw a et al. (1999) . A slurry 

ra tio of 1:2 .5 by weight soil to wa ter , which wa the same on e to be u sed for 

the soil pH measurement . was used, so th at the relationship between the 

wa ter -soluble element and th e pH value could be determined. Fifty 

milliliters of distilled water wer e added to twenty g1·a ms of each sample. 

The mix tures were then stirred and sh aken for one hour a nd allowed to 

s ta nd for twen ty-four hours. Na gano a nd Wada (1974) determined this to 

be the necessary standing time to obtain the optimum pH value. After the 

pH and E C wer e det ermined, the s upernatan ts wer e filtered. The barium 

s ulfate turbidimetric method was u sed to m easure t he sulfa te concent ration 

of the fil trate (Japanese Standards Association 1993) . Then, t.he filh·at.e 

was decomposed with a mixture of nitric/sulfi.u·ic acid. The heavy meta l a nd 

aluminum conten ts wer e measured u sing a n inductively coupled pl asm a 

atomic emission spectrophotom etr y. 

5.3 . Resul ts and Discussion 

The analytical results of the water-soluble elemen ts a nd the elementa.l 
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contents in the substrates are shown in Tables 5-3 and 5-4, respectively. 

The ferrous and ferric iron concentrations with their ratios in the substrates 

ar e shown in Table 5-5. The analytical results of Lhe elemental contents in 

the bryophyte bodies are shown in Table 5-7. 

5.3.1. The water-soluble chemical elements in the bryophyte substrate 

The pH of the substrate of S. ligulata was 2.89 on average, which was 

very similal' to the values of Noguchi (1956) , Pers on (1956), and Nagano et 

al. (1969, 1999). That of Campylopus sp. was 3.08 which falls within the pH 

range of 2.20 to 3.20 measm ed by Nagano et al. (1969). That of J 

vulcanicola was 2.86. which was the same as that determined by Nagano et 

al. (1969). No significant difference was observed for water-. oluble 

elements among three bryophytes except EC (electric conductivity). EC 

showed a significant difference bet·ween S. Jigulata and Campylopus sp. , and 

Campylopus sp. and J. vulcanicola, :respectively (p<0.05). The water­

oluble iron concentration in the substrate of S. Jjgulata was higher than 

those of Campylopus sp. and J. vulcanicola, although there was no 

significant difference among them. No correlation was obt,ained between 

any combination of elements by regr e sion analysi 

5.3.2. The total elemental contents in the bryophyte substrate 

Rega rdin g the total elemental contents in the substrate of S. Jigulaca, 

Campylopus sp. <mel J. vulcanicola. no significant difference was found 

among these three bryophytes (Table 5-4). In order to determine the 

relationship among the total elemental con tents in the ubstrates, 

correlation analysis was undertaken. No hirrh correlation was observed 
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among three bryophytes, because of nearly equal values measured for t lu:ee 

bryophytes. 

The total elemental contents in the substrates of ScopelophiJa cataJ·actae 

(1\IIitt.) Broth. and .Mielichhofen·a japonica Besch. accompanied with S. 

ligulata were studied in Chapter 4 as mentioned before. The total iron 

contents in the substrates of S. ligulata, Campylopus sp. and J vulcanicola, 

as shown in Table 5-4, were higher t han those of S. cataractae and M 

japonica by one order of m agnitude, as shown in Table 4-1. while t he total 

copper contents in t he substrates of former t ru:ee bryophytes were lower than 

those of latter t wo mosses by one order of magnitude. 

5.3.3. The chemical species of iron in the bryophyte substrates 

Since it see med to be important. tO recognize the chemical species of ir on 

111 the substrates of S. ligulata, Campylopus sp. a nd J vulcanicola, the 

chemical form of water-soluble iron and total content iron in th e substr ates 

were examined. The analytical r esults are shown in Table 5·5. The ratios 

of ferrous iron form (Fe'·) in the water-soluble iron wer e almost 80 to 90 %, 

a lthough those in the total content iron in the substrates of S. ligulata, 

Campylopus sp . and J vulcam·cola were about 15 to 20 %. The ferrou s iron 

form was dominant in the water-soluble iron, though the ferric iron form 

(Fe3+) was dominant in the total content iron in the substrates . 

Dissolution of 1 mg. 10 ru g, 100 mg, 1 g, 10 g, and 50 g of ferrous sulfate 

(PeSO, · 7H 20) , ferric . ·ulfate (Fe~(S0 ,,) 3 • 9H,O), and copper "ulfate 

(CuSO., · 5H 20 ) in to one liter of distilled water each , were examined. These 

yield pH and EC values shown in Table 5-6. Relationship s among the 

concentration of iron/copper ions, the concentration of sulfate ions, the pH 
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value, and the EC value are shown in Figs. 5-l to 5-6. Especially, the 

relationships between the concen tration of iron (or copper) ions and the pH 

value, and concentration of sulfate ions and t he pH value are shown in F igs. 

5-l and 5-2, respectively. If we put Fe3
' values of three mosses in Table 5-5, 

on the ferric sulfate line in Fig. 5- l and a lso put so;· values of those in Table 

5-3 on ferric sulfate line in Fig. 5-2, tben we get suitable pH values for each 

moss shown in Table 5-3. These pH values are comparable with those of 

three bryophyte substrates. Fe3
' and SO/ ions seem to be most important 

fact.ors to give a definite pH value of the bryophyte s ubstr ates in this tudy. 

5.3.4. The efficiency of cleaning methods for contaminant and total 

elem ental contents in the bryophyte body 

The analytical result· of the elem ental contents in the bryophyte bodies 

are shown in Table 5-7. The cleaning method for bryophyte contatninant is 

very importru1t matter to analyze the bryophyte body. Some cleaning 

method s for terrestrial bxyophytes including "copper mosses'· ar e . hown in 

Table 5-l , and also those for aqua tic bryophytes are shown in Table 5-2. 

Many r eseru·chers addressed thi problem but no effecti ve resolution seemed 

to be obtained on th e wet digestion method of a nalysis. Satake et al. (1988) 

mentioned that most of the previous data of bryophyte analyses have been 

insufficient becau se of difficulty to eliminate the contamin ant in spite of 

careful washing, and they studied Scopeloplula cataJ'actae (Mitt.) Broth. 

using non-destructive analyses to settle t he issue of sample contamin ation 

and determined that a remarkable amount of copper was co ntained in the 

cell wall of mas~ bodies. 

Primarily, the effi ciency of washing with hu ge water and/or 0.8% neutral 
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detergent andfor ultrasonic cleaning at 38 kHz for 30 minutes as cleaning 

method was examined in this study, however no good result was obtained. 

Generally all ash percentages above 10% were assumed to be due to 

contamination from the substrate (Shack.lette 1965b, 1967; Brooks and Yates 

1973; Shack.lette and Erdman 1982). All of the samples treated by above­

mentioned proced ure w re less than 90% as ignition loss, that i!> more than 

10% a~ ash percentages. Secondly, a solution of 2% EDTA was examined as 

cleaning agent in this study. The bryophyte amples were wa bed with 500 

ml of 2% EDTA for one hoUl· using a vertical shaker (250 rpm), followed 

ultrasonic cleaning at 38 kHz for 30 minutes using deionized water with 

0.8% neutral detergent, and followed washing and rinsing again in deionized 

water. This cleaning method yielded an acceptable effect, scilicet less than 

10% a ash percentages of bryophyte (Tab! 5-7). Regarding ignition loss, 

and total contents of iron, aluminum and titanium, the t-test showed 

significant differences between two data groups of all three bryophyte 

species, no washing (A in Table 5-7) and washing (Bin Table 5-7) with 2% 

EDTA solution. 

Titanium would be a good indicator of contamination in bryophyte sample, 

since titanium compounds are insoluble in water (Shacklette 1965b; Bowen 

1979; Satake eta!. 1988). Thus, it seems that the bryophytes hardly absorb 

titanium into their body. Shacklette (1965b) stated that his 38 bryophyte 

samples (non "copper mosses") averaged 297 mg kg·' Ti in the clxy sample 

(J 5. 15% i.n a h) , and the substrates averaged 3.000 mg kg"1 Ti, while he also 

stated that everal bryophyte had a higher titanium content in their bodies 

than their substrates. Satake et al. (1988) studied the relationship. 

between the concentration of titanium and that of other elements such as Cu, 
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Zn, Fe, Al, etc. in the shoots of S. cataractae. Satake eta!. (1988) reported 

that the concentrations of Cu. Zn and P showed inverse correlations with the 

concentration of Ti, while the concentrations of Fe. Al, etc. increa ed with 

that ofTi. 

To determine the relationships among the ignition losses of bryophyte 

samples and the total elemental contents in the bTyopbytes, correlation 

analyses were carried out. These results were shown in Figs. 5-7 to 5-17. 

High correlations (p<O.OOl) were observed as follows. Titanium and iron 

concentrations (.R'=0.696), titanium and lead concentrations (.R'=0.557), 

titanium and aluminum concentrations (.R'=0.867) were directly proportional. 

Titanium concentration and ignition loss (.R'=0.724), ignition loss and iron 

concentration (.R'=0.983), ignition loss and aluminum concentration 

(.R'=0.840) were inversely proportional. The relationships between 

titanium and 11·on concentration , and titanium and aluminum 

concentrations were consistent with findings of Satake et al. mentioned 

above. 

Riihlin g and Tyler (1970) studied the capacity of Hylocomium splendens 

(Hedw.) Br. et Scb. to sorb heavy metal ions from dilute solutions and al o 

the percent retention of heavy metals, originally held by the mo s tissue, by 

leaching extractions with five different solutions including 0.05 M EDTA 

about 2% EDTA solution). Ten g of moss samples were extracted with 2X l 

litters of these solutions for 2 X 24 hours. Their results of per cent retention 

of original amounts of coplJer, iron, lead and zinc in the moss tissues after 

leaching extractions with 0.05 M EDTA were 42%, 78%. 6% 31Jd 15% 

respectively. Thus, iron in the moss tissues was not extracted so much , 

while lead and zinc in thos were almost quantitatively complexecl and 
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released by EDTA. The data of zinc and lead of two groups in Table 5-7, no 

washing (A) a nd washing (B) with 2% EDTA solution, indicate no significant 

influence of extraction with EDTA for moss tissues of all t hree bryophyte 

species. 

With due regard for the studies of Shacklette (1965b), Sa take et al. (1988), 

a nd Riihling and Tyler (1970), EDTA clea nin g m ethod would be useful one to 

eliminate the contaminant attached to the bryophyte. 

5.4. Conclusions 

The results of the chemical analyses in t hi ch apter revealed the followin g. 

seemed that Fe3• and SO/ ions were most important factors to give a 

definite pH value of the bryophyte subs trates in this study. S. ligulata, 

Campylopus sp. and J vulcanicola accumula te d a huge iron in their body in 

due consideration of their contaminant from sub t ra te part icles. A very 

high con elation (p<0.001) was found between ignition loss and the 

concentration of titanium , the concentrations of titanium and iron, the 

concentrations of titanium and lead, the concentrations of titanium and 

aluminum, :ignition loss and the concentration of il'On , and ignition loss and 

aluminum. Ignition loss and the concentration of titanium in the bryophyte 

may be a good indicator of contaminant in cer tain cases. The concentration 

of copper in all three bryophytes washed wi th 2% EDTA solution was higher 

than those without washing. These indicated the accumulation of copper 

into the cell of bryophyte. The solution of 2% EDTA wa. a favorable agent 

to eliminate the bryophyte contaminant from substra te particles. 
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Fig. 5-1. The r ela tionship between iron (or copper) con tent and pH of ferrous 

sulfate, ferric sulfate and copper sulfate solution. 
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Fig.5-2. The relationship between sulfat e content and pH of ferrous sulfate, 

ferric sulfate and copper sulfate solution. 
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Fig.5-5. The relationship between sulfate content and EC of ferrous sulfate, 
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Fig. 5-7. The relationship between titanium content and ignition loss of the 

bryopbytes. For 8.1., etc. ·ee Table 5-7. 
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Fig. 5-9. The relationship between titanium content and copper content in 
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Fig. 5-10. The relationship between titanium content and lead content in the 

bryophytes. Symbols are the same as Fig. 5-7. 
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Fig. 5-11 The relationship between titanium content and zinc content in the 

bryophytes. Symbols are t he same as Fig. 5-7. 
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Fig. 5-13. The relationship between ignition loss and iron content in the 

bryophytes. Symbols are t he same as Table 5-7 . 
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Fig. 5-14. The relationship between ignition lo s and copper content in the 

bryophytes. Symbols are the same as Table 5-7. 
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Fig. 5-15 . The relation ship between ignition loss and lead content in t he 

bryophytes. Symbols are the sa me as Table 5-7. 
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CHAPTER Vl 
Copper Mosses and Their Substrates in Mineralized Areas 

6.1. Introduction 

RegaTding th e chemical analyses of t he substrate of "coppe1· mosses". as 

shown in Table 2-1, only a few studies h ave reported (Aikawa et aL 1999). 

These limited studies have u.·ed the followin g techniques for substrate 

analysis. Martensson and Bergp·en (1954) digested samples with a 

mixtuTe of nitric, perchloric, and sulfuric acid. Persson (1856) performed 

spectrum a nalysi. on a hed samples using a micropbotometer. Pigott 

(1858) determined the water-extractable ulfate and copper content by a n 

unknown method. Shacklette (l 965b, 1967) ut ilized the colorimetric 

method and semiquantitative spectrographic analysis for air-dried samples. 

Warncke (1968) used a IN-ammonium acetate solution at pH 7 to leach 

amples, follow ed by a n unknown analytical method. H artman (1969) 

applied an unknown pre-treatmen t follow ed by analysis using atomic 

absorption spectrophotometry. Coker (1971) dige.sted sa mples wit.h a 

mixture of bot nitric and hydrochloric acid followed by atomic absorption 

spectrophotometry analysis. Brooks and Yates (1973) digested their 

samples with a mixture concentrated nit ric and bydl"oflu oric acid followed 

by ana.l ysis using atomic absorption spectrophotometry. V1' ilkins (1917) 

leached samples with 1N ammonium acetate solu t ion at pH 7 followed by 

atomic ab. orption spectrophotom etry a nalysis. Brown and House (1978) 

extracted their samples with either deionized wate1·, 2% EDTA, or 1,000 

microgram/gram lead nitra te foll owed by an alysis using atomic absorption 

pectrophotometry. Corley and Perry (1985) digested samples with 2M 

nitric acid and 10 val. hydrogen perm,-i.de solution followed by awmic 
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absorption spectrophotometry analysis. Sotiaux and De Zuttere (1987) 

digested samples with a mixture of nitric and hydrochloric acid fo llowed by 

analysis using atomic absorption pectrophotometry. Shaw (1987) 

extracted samples with 1% hydrochloric acid followed by analysis using 

atomic absorption spectrophotometry. Finally, Rumsey and Newton (1989) 

digested samples with concentrated ni tric acid followed by atomi c 

absorption spectrop hotometry analysis. 

In this chapter , the analyses of the water-soluble elements and total 

elemental contents in the substrates, as well as the total elemental contents 

of the bryophyte bodies of five species belonging to cla sica! "copper mosses" 

or similar to tha t which were growing in mineralized areas, were performed , 

focusing on the relationships between the afore-mentioned mosses and their 

substrates. 

6.2. Materials and Methods 

All samples of Scopelophila ligulata (Spruce) Spruce, S. cataractae (Mitt.) 

Broth .. Mielichhoferia japonica Besch .. Campylopus sp. and Jungermannia 

vulcanicola Steph. were collected from mineralized areas in J apan. Two 

samples of S. ligulata were collected; the one from a location near Mt. Sobo, 

1\IJiyazak:i Prefecture, and the other from Chichib u. Saitama Prefecture. 

Campylopus sp. grew in the same vicinity of the habitat of S. hiJulata in 

Sait ama Prefecture mentioned above. Two sampl es of S. cataiactae and M 

japonica were obtained from Saitama Prefecture and Tochigi Prefecture , 

respective! '· Two samples of J vulcanicola were sampled: one fTo m near 

Takaclub o Gorge, Miyazaki Prefectuxe and the other from Chichibu, 

Saitama Prefecture. This liverwort is widely distributed from Hokkaido to 
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l{yushu in Japan (lwatsuki and Mizutani 1972). All samples of bryophytes 

and their substrates wer e collected from miner alized rock faces, which h ad 

not been disturbed by h uman activity. 

The substr ates used for a nalysis were collected in areas where relatively 

close colonies of each moss gr ew. A bamboo spa tula was used to collect 

them with the bryophyte. The substrate samples, stored in polyethylene 

bags. were taken to the la bora tory a nd naturally dried at room temperature. 

The substr ate samples wer e carefully separ ated from the bryophytes, 

sh:uply observing whether the bryophyte bodies, such as leave·, stems a nd 

rhizoid , were presen t. If any were found , they were r emoved from t he 

sample using tweezer s with non-metallic tips. Then, the samples were 

sieved to obtain under 2 mm diameter grain which were fur ther gr ound 

using a mortar and pestle and screened at 32 mesh . 

The bryophyte samples of fi ve gr am s were fir s t thoroughly wash ed and 

unfastened with distilled water stirring con stantly fo r fifteen minutes. 

They weTe then washed with 500 ml of 2% EDTA for one how· using a 

vertical shaker (250 rpm). They were finally clean ed ult rasonically a t 38 

kHz for thirty minutes u sing deionized water wi t h 0.8 % neutral deter gen t, 

followed by washing and rinsing aga in in deionized water . After wet 

dige ·tion with a mixtm e of ni tric/sulfuric acid (Depar t ment of Applied 

Bioch emistry and Department of Biotechnology, Gradu ate School of 

Agriculture and Life Sciences, The Univer sity of Tokyo 1995). t he heavy 

metal conce ntrati on s , s uch as i.J.·on , copper , etc. , in t he bryophyte bodies and 

lheir sub tra tes were determined usin g a n inductively coupled plasm a 

a tomic emission spectrophotometry. 
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The water-soluble elements in the bryophyte substrates were examined 

using the method of Nagano et al. (1999). A slurry rat io of 1:2.5 by weight 

soil to water, which was the same one to be used for the soil pH 

measurement, was used, so that t he r elationship between the water-soluble 

elements ;mel the pH value could be determined. Fifty milliliters of 

distilled water were added to twenty grams of each sample. The mixtures 

were then stirred and shaken fm one hour and allowed to stan.d for twenty­

fom hours. Nagano and Wada (1974) determined tll.i s to be the nece ·sary 

standing time to obtain the optimum pH value. After the pH and EC 

measurements were determined, the superna tan ts were iiltered. The 

barium sulfate turbidimetric method was used to measure the sulfate 

concentration of the filtrate (Japanese Standards Association 1993). Then. 

the filtrate was decomposed with a mixture of nitric/sulfuric acid. The 

heavy metal and alumi num contents were measured using an inductively 

coupled plasma atomic emission spectrophotometry. 

6.3. Results and Discussion 

The analytical results of the water-soluble elements, the elemental 

contents in the sub trates, and the elemental contents in the bryophyt 

bodies are shown in Tables 6-1. 6-2. and 6-3. r espectively. To determine th e 

J·elationsll.ip between the chemical elements in the substra tes a nd bryophyte 

bodies, correlation analysis was under taken. The results of these 

calculations are sl10wn in Tables 6-4 o 6-9. 

6.3.1. The water-soluble chemical elements in the bryophyte substrate 
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The pH values of the two samples of S. ligulata were 2.68 and 2.59, which 

were very similar to the values of Noguchi (1956), Persson (1956), and 

Nagano et al. (1969, 1999). Those of Campylopus sp. were 2.51 and 3.25, 

which almost falJ within the pH range of 2.20 to 3.20, measured by agano 

et al. (1969). The values of S. cataractae and M japonica were 4.54 and 

4. 70, and 3.53 and 4.47 . r espectively. Those were consistent with the 

measured values for each of the two species by Nagano et al. (1969). The 

pH values of the substra tes of J. vulcanicola were 2.72 and 4.02, which were 

the same as that determined by Nagano et al. (1969). The pH values of t he 

substrates of S. Jigulata, Campylopu sp. and J. vulcanicola were virtualJy 

iden tical, and th ey were signi£cantly lower than those of S. cataractae and 

Mjaponica. 

High correlations were observed between the pH and the EC (R'=0.839, 

p<0.001), the pH and the iron concen tration (li"'=0.926, p<0.001), and the pH 

and t he sulfate concentra tion (R'=0.579, p<0.05), respectively (Table 6-4). 

These were plotted usin g a best fit curve (Figs. 6-1 , 6-2, and 6-3). The 

r elationships were all inversely proportional. 

The EC val ues of S. cataractae and Jlif. japom·ca were lower than those of 

lhe other bryophytes. A very high correlation (R'=0.904, p<0.001) was 

found between the EC and the sulfate concentration (Fig. 6-4). Thus, EC 

measurements are useful in estimating the · water-soluble sulfate 

concentxation. The water-soluble iron concentrations in the sub trate of 

S . cataractae and Nf. japonica were lower than t hose of the other bryophytes 

(Table 6-1). The water-soluble copper concentration s in the s ubstrates of S. 

cataractae and Nl. japoJJica were higher than those of the other bryophytes 

(Table 6-1). The wate1·-soluble sulfate concentrations in the substTates of 
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S. cataractae and 111 japonica were somewhat lower than those of the other 

bryophytes. In addition to the previously mentioned relationships, the 

water-soluble sulfate correlated strongly with the water-soluble aluminum 

concentration (_R-1=0.701, p<O.Ol). It is remarkable that the pH values and 

the water-soluble copper concentrations in the substrates of S. cataractae 

and M japonjca were higher than those of the other bTyophytes. On the 

contrary, the EC values, and the water-soluble iron and sulfate 

concentrations in the substrates of S. cataJ-actae and M. japonica were lower 

than those of the others. 

6.3.2. The total elemental contents in the bryophyte substrate 

The iron contents in the substrates of J. vulcanicola, and Campylopus sp. , 

as shown in Table 6-2, were higher. followed by S. Jiuuiata sampled both in 

Miyazaki and Saitama. Those of S. cataractae and NI. japonica were much 

lower than the other bryophytes. Meanwhile, the copper contents in the 

substrates of S. cataTactae were higher than tho e of the oth r bryophytes 

by one order of magnitude. 

In order to determine the relationship among the total elemental 

contents in the substrates, correlation analysis was undertaken. The 

results of these calculations are shown in Table 6-5. Typically, high inverse 

correlations were observed between the iron conten t and the copper content 

(p<O.OOl), the iron content and the zinc conten t (p<O.Ol). 

6.3.3. The total elemental contents in the bryophyte body 

The iron content in the mos bodies of S. ligulata sampled both in 

Miyazaki and Saitama were much higher tha n that of the other br~' ophytes. 
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Additionally, the iron content in the moss bodies of S. cataractae and M 

japonica was much lower than that of the other bryophytes. Conversely, 

the copper contents in the moss bodies of S. cataractae and M ja.ponica were 

higher than those of the other bryophytes. Typically, these values were 

hi gher than t hose in t heir substr ates, r espectively. Satake (1983) reported 

a high concentra tion of aluminum in the bryophyte body of J. vulcam·cola. 

The con elation matrix of the elemental conten ts in the bryophyte bodies 

is shown in Table 6-6. The iron content h ad negative relationship 

(R"=0.544, p<0.05) with the copper content. The same trend was fo.und 

between the water-soluble iron and copper in the substi·ates (R'=0.679, 

p<0.01) and the total iron and copper content in the substrates (R'=0.897, 

p<O.OOl). These relationships are illustrated in Figs. 6-5 , 6-6, and 6-7. 

6.3.4. The relationship between the water-soluble chemical elem ents, total 

elemental contents in the bryophyte substrates, and those in the 

bryophyte bodies 

To determine the relationship between the water-soluble chemical 

elements and the total elemental contents in the substrates, the water­

soluble chemical elements in the substrates and total elemental contents in 

the bryophyte bodie , and total elemental contents in the substrates and 

those i.n the bryoph~·te bodies, correlation analyses were carried out. The 

res ults of these calcula tions are shown in Tables 6-7, 6-8. and 6-9. 

Correlations were observed as follows. (1) l11 the s ubstrate of t he 

bryophytes, the following relationship s between the water-soluble chemical 

elements and total element contents in the substr ates were observed. The 

pH and total zinc. the pH and total a luminum, the EC a nd total iron, the 
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water-soluble iron and total iron, the water-soluble copper and total copper, 

the water-soluble copper and total zinc, the water-soluble copper and total 

aluminum. and the water-soluble sulfate and total iron were fo und to be 

directly proportional. The pH and total u·on , the EC a nd total zinc. the EC 

a nd total aluminum, the water-soluble iron an d total copper. the water­

soluble iJ.·on a nd total zinc, the water-soluble copper and total iron, the 

water-soluble aluminum and total aluminum, and the water-soluble sulfate 

and total aluminum were inversely proportional. (2) In the bryophyte 

bodies, the followin g r elationships between the water-soluble chemical 

elements in t he . ubstr ates and total eleme11tal contents wer e determined. 

The pH and total copper, the pH and total aluminum, the EC and total iron 

(.R"=0.83G, p<O.OOl; Fig.G-8), the water-soluble u·on and total iron (1?'=0.880, 

p<O.OOl ; Fig.G-9), the water-soluble copper and total copper (1?"=0.889, 

p<O.OOl; Fig.G-10) . the water-soluble copper and total aluminwn, the water­

soluble zinc and total lead, the water-soluble zinc and total cadmium . and 

water-soluble sulfate and total iron wer e directly proportional. The pH and 

total iron, the EC and the total copper, the EC and total aluminum. the 

water-soluble coppex and total iron, the water-soluble sulfa te and to tal 

copper, and the water- oluble s ulfate and total aluminum were inversely 

proportional. (3) ]n looking at the total elemental contents in t he 

"ub trates and those in the bryophyte bodies. the following can be said . 

The tota l iron in tl1e s ubso·ate and that in the bryophyte bodie . the copper 

in the substrates and tha in the bryophyte bodies. total zinc in the 

substrates and total lead in the bryophyte bodi es. a nd total aluminum in the 

substr a tes and t.Otal copper in the bryophyte bodies were di rectly 

proportional. The total iron in the substrates and r.otal copper in the 
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bryophyte bodies, total iron in the substrates and total lead in the bryophyte 

bodies, total iron in the substraLes a nd total aluminum in the bryophyte 

bodies, and total aluminum in the substrates and total iron in the bryophyte 

bodies were inversely proportional. 

6.4. Conclusions 

The results of the chemical a nalyses in this chapter revealed the 

following. A very high correlation was found among the pH, the EC and the 

water-soluble iron in the substrate. Also a very high correlation was found 

between the EC and the water-soluble ulfate. Typically. a high correlation 

was observed between the water-soluble iron concentration in the substrate 

and the total iron content in the bryophyte bodies, and Lhe water-soluble 

copper concentration in the substra tes and total copper content in the 

bryophyte bodies. 8. Jigu}ata contained higher iron contents in its moss 

body, while 8. cata1·actaecontained higher copper i.n its moss body than the 

other bryophytes. S. ligulata seems to prefer an iron-sulfate rich 

environment, while 8. cataractae does a copper-sulfate rich environment, 

which include a case of suppliance as metal rich solution from cenain 

headwaters to the mosses. 
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Chapter VII 

Comprehensive Discussion 

7.1. Statistical review using multiple regression analysis 

Whitton, Say and Jupp (1982), Say and Whitton (1983), and Wehr and 

Whitton (1983a, 1983b) studied the accumulation of heavy metals by aquatic 

bryophyte., Scapania undulata (L.) Dum., Fontinalis antir;xretica Hedw., 

Rhyncbostegium ripan·aides (Hedw.) C. Jens. and Amblysteginm nparium 

(fledw.) Br. Eur., to estimate aqueous metal in the river. They used 

multiple stepwise regression analysis to quantify the apparent influence of 

environmental variables in the effi uent water. Their re ults by multiple 

regression analysis were much better than those by bivariate regression 

analysis 

Multiple regression analysis according to established methods (A.kimoto 

1984: Fujimori 1986) was applied to calculate the relationships between the 

water-soluble elements in all 116 substrate samples in these studies. When 

the iron, copper and zinc concentrations were taken as the independent 

variables and the sulfate concentration as t he dependent variable , a high 

multiple correlation coefficient (R=0.845. p<O.OOl) was obtained Also, 

when the same three m tal concentrations above were taken as the 

independent variables and the pH value as the dependent vari able, high 

multip.le correlation coefficient (R=0.645, p<O.OOl) resulted. Furthermore, 

when the sulfate concentration was added to the independent variables, a 

sligh tly higher multiple correlation coefficient (.R=0.653, p<O.OOl) was 

determined. These heavy metal ions, in conjunction with the sulfate ions, 

appear to be a major factor in fixing the pH val ue of each bryoph ·te 



substrate. 

The multiple linear r egression analysis was also used to calculate th e 

relationships between the water-soluble elemen ts and the iron and copper 

con ten ts in t he bryophyte bodies. The samples were 31 of S. ligulata, S. 

cataractae, M japonica, Campylopus sp. and J. vulcanicola, which were 

analyzed both water-soluble elements and elemental contents in these 

studies. When the i:ron, copper, zinc and sulfate concen trations, and the pH 

value were taken as the independent variables and the iron conten t in the 

bryophytes as the dependent variable, a high multiple correlation coefficient 

(R=O. 722, p<O.OOl) was obtained. Al. o, when the same five elements above 

were taken as the independent variables and the copper con tent in the 

bryophytes as the dependent variable, high multiple correlation coefficient 

(R=0.777, p<O.OOl) was obtained. In case of t he zinc con tent and the lea d 

content in the bryophytes as the dependent variable, multiple correlation 

coefficient was R=0.550 (p<O.Ol) and R=0.409 (p<0.05), respectively. These 

results were better than those by simple bivariate r egr ession analysis . 

Especially, the iron and copper content in the bryophytes was well predicted 

by each multipl e regression analysi . 

7 .2. General review 

Persson (1956) and Noguchi (1956) pointed out t hat the pH values of the 

substrates of "copper mosses" were lower than t hose of non-copper mosses. 

Noguchi (1956) mentioned that a uthors such as Sch atz (1955) . Persson 

(1948) and ot.ber s seemed to put more weight. on the pH of the soils where 

Scopeloplula Jigulata (Spruce) Spruce grew than on tbe physiological role of 

m etallic ion s uch as copper a nd iron . Though Noguchi (1956) t ried to 
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confinn this by carrying out the cultme test in the laboratory. the results 

were not sa tisfactory. 

Schatz (1955) suggested that "sulfm- mosses" might be a more 

appropriate term than "copper mosses" given the generally sulfur-rich 

substr ates. Schatz's opinion was based on comparative biochemical 

considerations r egarding the photosynthesis. He peculated that sulli.de 

and sulfur might be utilized as h ·drogen donors for photosynthesis by the e 

"copper" or "sulfur mosses", thu these would be a distinct physiological 

group constituting a "missing link" between anaerobic photosynthetic s ulfm 

bacteria and aer obic gr een plant. . Though Schatz's speculation seems to be 

a very attractive one, it h as never been confirmed experimentally (Noguchi 

and Ochi 1956; Nagano et al. 1969; Brown 1982). 

Shaw (1987) studied the substrates of S. cataractae at 6 sites in the 

eastern United States of America . He pointed out 3 types of heavy metal 

conlents in those substrates as follows. First. one of six sub trates of S. 

cataractae contained little copper (12.0 rug kg·') but was instead enriched 

with iron (328.3 ru g k g" 1
). Second, four substrates were indeed enriched 

with copper (170.0-4,400 rug kg-1
) but they also generally contained high 

concentration s of zinc (60 .0-1,800 ru g kg.1) and lead (4.7-9.000 mg kg·'). 

Third, the other sub trate was enriched with copper (163.8 mg kg·') but it 

also contained a very high concentration of iron (250.0 mg kg"1) . Thus, 

Shaw (1987) suggested that S. cataractae would be better considered a 

"metal moss" than a "copper moss." 

My findin gs, through a series of studies. would coincide with Shaw's 

opinion, a lthough the difference between S. Jigulata an d S. cataractae was 

di stinguished clearly. The habitat segregation between S. Jigulata and S. 



cataJ"actae wa discerned. That is, S ligulata would prefer an iron-sulfate 

environment, whi:le S. cataractae would prefer a copper-sulfate environment, 

which include a case of suppliance as each metal rich solution from certai n 

headwaters. Thus, "m etal sulfate mosses" would be better for the name of 

those mosses. 

7.3. Possible availability of "copper mosses" for environmental restoration 

and environmental monitoring 

The National Risk Management Resear ch Laboratory of the U .S. 

Environmental Protection Agency i attempting to demonstr ate an d 

evaluate phytoremedia tion efficacy for lead contamination in the field using 

Brassica jw1cea (Indian mustard) at a site in Trenton, New J er ,ey (Rock 

1997). Growth chamber studies were conducted by Blaylock et al. (1997). 

Zea mays (corn) and Ambrosia artemisiifilia (ragweed) are also considered to 

be good lead accumulators (Raskin et al 1997). Chaney et al. (1997) 

mentioned tha t a hypertolem.nce to metals was the key plant characteristic 

required for byperaccumula tion. 

"Copper mosses" have long been con idered to be related to tbeiT 

substrates, which contain lar o-e amounts of h eavy metals such as copper, zinc, 

iron and lea d. The reason why "copper mosses" grow well in uch conditions, 

which are generally h armful to plants, i. not well under toad. Thorough 

investigation of the ecology and environm ent of "copper mosses'' is useful in 

the application to envi ronmental problems ca used by hea,·y metals. 

The photos in Appendixe. of this thesis ar e some views around the coal 

mine a1·ea in Santa Catalina. Br azil. Wi thin that area. there a1·e ma ny 

abandoned mines, in which the open pit diggings have been one of Lbe critical 
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poin t sources of water pollu tion a round ther e. Japan International 

Cooper ation Agency (Jl CA) h as assisted Brazilia iJ Governmen t for mine 

pollution contr ol project in which au thor was engaged for about ten years. 

That project included the effluent wat er quality monitor in g at typical poin t 

in the mine ar ea. The monitoring program consisted of many autom atic 

meas\uing eqipments which wer e state-of- the-a rt , w hile th ose were hardly 

mainta ined in the developing co untry. Thus, if we could have an effecrua l 

medium to estima te the envi ronmental condition instead of the m ech a nical 

measuring which requir es much labor , th at method will be most favoTable 

for all of us engaged in environmen t al issues. As sh own in photographs. 

many m a ts of bryophytes were spontan eously growing ar ound the drainage 

where drain water was strongly acidic and con tained much iron, sulfate, 

BOD s ubstances, etc. 

metal s in their bodies. 

Those bryophytes probably accumulated certain 

Thus, those would be possibly used in the fie ld of 

biological monitor ing as taking account of cost-benefit an alysis. Those also 

would be likely candidat es for further study in t he fi eld ofbioremedia tion for 

wa te r pollu tion , and furt he1·more in that of phytoremedi a tion for soil or 

lithosol contamination, which can be hardly remedied by ordinary method. in 

those aba ndoned mine areas. 
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SUMMARY 

Chemical Elements in the Substrates of Scopelophila ligulata (Spruce) Spruce 

and Other Mosses Growing on the Same Black Slate 

ScopeJopllila Jigulata (SpTucc) Spruce , a species of "copper moss", is known to 

prefer a trongly acidic substrate. The soluble chemical elements in the 

s ubstrate of S. ligulata and those of four other non-copper mosses which grow on 

the vertical rock face of the same black slate (Chichibu Paleozoic strata), were 

examined. The following results were obtained. The pH and the concentn1tions 

of water-soluble iron and sulfate in the substrates of S Jigulata showed a 

significant difference from those of the other mosses. A high correlation was 

found among the pH, the concentration of water-soluble iron and that of water­

soluble sulfate. The concentration s of water-soluble copper and zinc in the 

substrate of S. Jigulata were much lower than tho_e of water-soluble iron. 

Chemical E lements in the Substrate of Scopelophila Jigulata (Spruce) Spruce and 

the associated mosses growing in the different habitat 

Scopeloph1la Jigulata (Spruce) Spruce has been called one of the specie of 

"copper mosses". Authors focused on the substrate pH and the water-soluble 

elements such as iron, copper, zinc ru1d sulfate found in the substrates of S. 

Jigulata and other non-copper mosses which grew on same rocks but se!lr egate 

each other on vertical cliff faces and on cliff shelves, respectively. The following 

r esults were obtained. The pH value and the water- oluble iron and sulfate 

concentrations of the sub traces showed a significant difference (p<O.Ol) be wee11 

the S. Jigulata. which grew on cliff faces , and other mosses found on cliff shelve 
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--
immediately above the habitat of S. ligulata. ery hi gh corre lations (p<O.OOl) 

between these three elements were confirmed. The concentrations of water­

soluble copper and zinc in the substrates of S. ligulata were much lower than 

those of water-soluble iron. There was no significant difference in the water­

soluble copper and zinc concentrations between the substr ates of S. ligulata a nd 

those of the other non-copper mosses. 

Chemical Elements in the Substrates of Scopelophila cataractae (M.itt.) Broth. 

and Mielichhoferiajaponica Besch . 

Genera Scopelophila and }.tfielicl1hoferia include some classical "copper mosses". 

Authors focused on the water-soluble elements found in the substrates of 

ScopelophJ}a cataractae (M:itt.) Broth. and Miehchhofeha japom·ca Besch. The 

following res ults were obtained. The t-tests f01· the pH value. and the water­

solubl e iTon, copper, zinc and sulfate concent r ations showed significa nt 

differences between S. cataractae and At!. .faponica. With respect to the water· 

soluble elements in the substrates of S. catan1ctae and Nf. j aponica, high 

correlation were ob erved between each combination of two components. The 

iron and the zinc concentratlons (p<O.OOl), the iron and the sulfate concentrations 

(p<O.OOl) , the copper and the zinc concentrations (p<O.Ol), the copper and the 

sulfate concentrations (p<O.OOl) , and the zjnc and rhe sulfate concen t rations 

(p<O. OOl) wer e directly proportional. The pH value and the iron concentxation 

(p<O.OOl). the pH and the copper concentTation (p<0.05), th e pH and the zinc 

concen tration (p<0.05), and the pH and the sulfate concentrarion (p<O.O l) were 

inversely proportional. 
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Contents of Heavy Metal Elements in Copper Mosses: Scopelophila Jigulata 

(Spruce) Spruce, Scopelophila cataractae (Mitt.) Broth. and Mieh"chhoferia 

japom"ca Besch. and their Substrates. 

Scopelophila ligu.lata (Spruce) Spruce, S. cataractae (Mitt.) Broth. and 

Miejjchhoferia japonica Besch. (Miehchhof"ena mielichhoferi (Hook.) Wijk el Marg. 

val". ]aponica (Besch.) Wijk et Marg.) are well known "copper mosse ·" which show 

peculiar ecological characteristics consisting of a preference fOT metal-rich soils, 

lithosols, rocks, etc. as their substrates. The total and water-soluble element 

contents in the substrates and heavy metal contents in the moss body were 

analyzed in this tudy. The r esults of these chemical. analyses were as follows: 

The iron contents in the mo s body and subsb:ate of S. JjguJata were higher than 

those of S. cataractae and M japonica. On the contrary the copper contents of 

the former were lower than those of the latter. The pH values of substrate of S 

Jigulata were lower than those of S. cataJ.·actae and M ]aponica. The 

concentrations of water-soluble iron and sulfate in the subsh·ate of S. Jigulata 

were higher than those of S. cataractae and M japonica. On the contrary, the 

waLer-. oluble coppeT concenh·ations in the substrate of S. h"gulata were lower 

than those of the others. Although in th e substrate of S. cataractae the iron 

content was several times higher than the copper content, in the moss body the 

copper content was higher than iron content. 

Chemical species of iron in the bryophyte substrates and their pH values, and 

efficiency of cleaning methods for contaminant of bryophytes 

The results of the chemical analyses in this chapter revealed the following. lT 

seemed that Fe·b and SO/ ions were most important factors to give a definite pH 
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value of the bryophyte substrates. S. Hgulata , Campylopus sp. and J vulcanicola 

accumulated a huge iron in their body in due consider ation of their contaminant 

from ubstrate particles. Ignition loss and the concentration of titanium in the 

bryophyte may be a good indicator of contaminant in certain cases. The 

concentration of copper in all till:ee bryophytes washed with 2% EDTA solution 

was higher than those without washing. These indicated the accumulation of 

copper into the cell of bryophyte. The solution of 2% EDTA was a favorable agent 

to eliminate the bryophyte contaminant from substrate particles. 

Copper Mosses and Their Substrates in Mineralized Areas 

ScopelophJJa Jigulata (Spruce) Spruce, S. cataractae (Mitt.) B1·oth., and 

M"ielichhoferia japonica Besch. are famous "copper masse ". In addition, 

Jungermannia vulcanicola Steph. and Campylopus sp. , which is a close relative of 

C. schwarzii Schimp., eem to be related to the heavy metal in their rock and soil 

host!':. In this chapter, the study was focused on the relationships between the 

above-mentioned mosses and their substrates in several mineralized areas in 

Japan. The water-soluble elemental concentrations and total elemental contents 

in the substrate and the elemental contents in the bryophyte bodies were 

analyzed. The following result. were obtained. The results of the chemical 

analyses in this chapter r eveal ed the following. A very high correlation was 

found among the pH, the EC and the water-soluble iron in the substrate. Also a 

very hi gh correlation was found between t he EC and the water-soluble sulfate. 

Typically, a high correlation tva s observed betwee n the water-soluble iron 

concentration in the substrates and the total iron content in the bryophyte bodies, 

and the water-soluble copper concentration in the substrates and total coppeT 
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content in the bryop hyte bodies. S. ligulata contained high er iron contents in its 

moss body, while S. catal"actae contained higher copper in its moss body than t,he 

other bryophytes. S. ligulata seems to prefer an iron-sulfate environm ent, while 

S. cat.1ractae does a copper- ·ulfate environment regardless of location. 

Comprehensive Discussion 

Multiple regression analysis according to established methods was applied to 

calcu.Jate the relat ionships between the water-soluble elements in a11 116 

substrate samples in these studies. When the i.J.·on, coppel·. zinc and sulfate 

coneentrations were taken as the independent variables and the pH value as the 

dependent variable, high multiple correl ation coefficient (.R=0.653, p<O.OO l ) was 

determined. The multiple linear r egression analysis was also used to calcul ate 

the relationship s between the water- . oluble elemem s and the iron and copper 

contents in the bryophyte bodies. The samples were 31 of S. ligulata, S. 

catauctae, M japonica, Campylopus sp. and J vulcanicola, which were a nalyzed 

both water-soluble elements and elemental contents in these studies. When the 

iron , copper , zinc and sulfate concentrations, a nd the pH value were taken as the 

ind ependent variables and the iron conten t in th e bryophytes as the dependent 

variable, a high multiple correlation coefficient (.R=O. 722, p<O.OOl) was obtained. 

Also. when the same five elements above were tak en as the independent variables 

and the copper content in the bryophytes as the dependent vari able, high multip le 

correlat ion coefficient (.R=0.777, p<O.OO l ) was obtained. ln case of the zinc 

conten and t he lead con tent in the bryophytes as the dependent variable. 

multiple correlation coeffi cient was .R=0.550 (p<O.Ol) a nd .R=0.409 (p<0.05) , 

respectively. These results were better than those by imple bivariate r egression 
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analysis. Especially, the iron and copper content in the bryophytes was well 

predicted by each multiple regression analysis. These water-soluble heavy metal 

ions, in conjunction with the sulfa te ions, appear to be a major factor in fixing the 

pH value of each bryophyte substrate, and these water-soluble elemen ts and pH 

value could affect the amount of heavy metals accumulated by each bryophyte. 

The habitat segregation between S. JiguJata and S catara.ctae was discerned. S 

Jigulata would prefer an iron-sulfate environment, while S. cataractae would 

prefer a copper-sulfate environment, which include a case of supplian ce as each 

metal rich solu tion from certain headwater s. "Copper mosses" have long been 

con sidered to be related to their s ubstJ:ates. which contain large amounts of heavy 

m etal such as copper, zinc, iron and lead. The reason why "copper mosses" grow 

well in s uch condition , which are generally harmful to plants, is not well 

unders tood. Fmther investigation of the ecology and environmen t of "copper 

mosses" is useful in the application to envir onmental issues on heavy metals. 
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Photo 2. Drainage in the coal mine area. 

Photo 3. Drained water from abandoned coal mine. 
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Photo 4. Drained water from abandoned coal mine. The bryophyte was 

·pontaneously growing around the drainage area. 
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Photo 5. Envu:onmental monitoring effort around the coal mine area. 

Effluent water was strongly acidic and contained much iron, 

sulfate and BOD substance. 

Photo 6. Effluent water monitoring house, which consisted of much 

monitoring equipments, by the technical cooperation of JICA for 

Brazilian Government in Santa Catalina. 
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Cfo~ l 1p~~£lil ;::-rt e:u~rin·MHH!Jic :1Mi1.i±±iV::(J)~MJfH::.-:J l I""C(J)!i1f:9\:) 

W:*"""C:Ii , 1¥~~®.-'2:~ lvt.::~ft±ll!*-2:Hiv -c:!:J::.~(J)~ c ~ cl 1 ~ J:? 1::::.\l:l.}t ~, 
d9~*-lJ'E(J)Wf~t1!1Jl"1J< 1J'G~DGtl.-rl1~. c:nGI;;I: , iffif,j; fcoppel' mosses (~Fol~ 

It) J e:~rtn . -t(J)4#~tJ:!:trl~i¥:14i¥tti:::-:Jl1-rli7f:9\:tJitJ:c!n-r~t.:: . -t~-r . 

fttJig][;::;t:)li""C'tJ, Scopeloplnla Jirrulata (1''7~t/;f/:::f?"), Scopelophila 

car:a1·actae ( * / 'E: / :/ :::f-7) tJ: c:· 1;:: -:J l I ""C!i1f:9\:1JitJ: c! n -r l 1 ~ . f£lil ~It J 1Jiti 
!:t9~¥4i1.Jc VCI;:J:lt~~~J!I;::~td±i , :6-m!± . :6-:0tJ:c1J%~1Ji , r~;::"lt J 
c c:n G¥4i1.Jt:J:>(J)l'£~~~Ji c (J)IMJ§ 1;:: -:J l \ ""C(J)~*!fli~tJ:!i1f:9\:IH·'tJ: l 1. -t(J)~Eil c 
~ -r ;j,:(J):#fitJ: ~IHJ!1Jid;;, If Gn ~ . G)1J'-:J -r5H.fdJl:f,!:J1Ji*~~"""C: d9 -:J t.::;: c. ®~~ 
iili±~(J)Ii1f:9\:5J'!r"""C: d9 ~;:c. @jji1HJi1Ji~ii.J*4;!@4tJJ-c: tJ: l 1 t.:: IY)IiJf :9\: -t(J) 't (J) 1:::: M ~ -r 
§;<(J)~P.M\1:ft.::ntJ:1J'-:Jt.::c:e:, @jj;g:~Ji(J)~J'EtJfilft~l\ C:c , ® r~~ltJ 1;:1: 

;;r-~l':ntJ:!:t~5J'tfi-'2: ~ T;t:) U :ffi-1-'l'd9~;: c. ®1¥~~-'2: §; < ~i/J'¥~tlll::: Ell >1<:9 ~ 
:f!'I-T I:::J: .Q;!@~tlli*-"(J) ::J /-9 ~ .::1'-- :/ 3 / -".(J)J(H!.!:1Ji, ;,\l\;tt5J':ffT"""C:il'? ~ii", ~f:*' 

I:::H~1J'-:Jt.::c:e: . ;:(J)!i1f:9\:-c:r;:~:, ~*-c:~!Jil!<!nt.: r~;::"ltJ r:::oo9~li7!:9\:'2:i@. 

Em>9 ~ c c 'b 1:::: , ~* -c:;.t § c! ntJ:1J' -:J t.:::1MtiJO)Jk;gttP.t5J' c f£Fol ~- It J !:tWO) 00 
§ . .&U;!@4tJ11*0);Jt/pi:::009.Q~rJ!. *t.:-l£~1::: r~FoJ~ltJ C:c!n.Qjj;g:@.O)!Ue, 
"""C:O)i§lltJ:ci:::-:Jl\-ci@.:::J<~ . rm~·ltJ 0)1'£~~'2:;;J.um-t~~gtJr;::~§ ~-c. ~~ 
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!Jif~~ ~~±JH:-=-~ 1) / ~i "'O)r.tfll O)RJiiE11 t: ·::H '-c~H l....t.::, ~ftc L- -ct;tfits: 
iti!0)1::~@TO)±i!Ui~7J'~ Fll ~'. *PH~'Ct't;t .::::.tt~¥~~ C: 9 ~ o 

1 . rm :::lt J c¥~0)*;~ttP.X7J' 
f~j.J;::' ttJ cllftttl.~fits:}J!O) tp"(' , -{ '7~t/;f-/:::i7 (Scopelophi.la Jigulata 

(Spruce) Spruce) t;t5iM110)¥ ~~ ~Ht,·.::::.ct.MOStl.""C~\~ , S. ligulata1Ji1:.~ iv 

-"(~ ~~~ ~.f.!i~Ji'i'f ..l0) ¥~~0)7k;g11P.X7J' (;: ·:H \ ""C~ffJt9 ~ C: c 't (;: , S. Jigulata 0) 

~ ~ c ~ c; ;g lliJ -z' 1§ i~ L- -c 1:. ~ L- -c l' ~ If , f £1il ;:::: tt J c !;t t.J. ~' Campxlopus 

umbellatus (Arm.) PaT., Dicranella heteromalla (Hedw .) Sch.imp., Leucob1yum 

jumpen ·oideum (Brid.) C. Muell. , Pogonatwn nipponicum Nag. et Osada t.J. c.' 4 fi 
OJfi}I!OJ¥1~ !:-:J~ I""C'tl:t~. ~~1 L-t.:: , ¥~~0) pH &th.K;~110J Fe, SO/;!J.4ffiX 
IUJL-""Ct;t , S. hgulata C:-t-OJffuOJfi~ct;t , :f'l~J.J.i~WtJi~Gtl.t.:: Cp<O.OJ) o ¥ 
~~0) pH, 7J<;gjj:O) Fe &cJ. SO/ OJ 3 P.XBOJra9c , -t-tl.-ftl.~~J¥;t:5i~ \f§IUJIUJ~ (p 

<O.OOl) tJ161f~2'tl.t.:: , S. ligulata OJ¥~ii.Jt:<t:HI""C7k;~ttOJ Cu C: Zn tJI~tf:l2'tl. 

t.::tJI , -t-tl. G (;il19tJ. 't Fe ;11.4/.t t:l:t~ L-""C 1 llifff~1;1J.4J.tl"iV.> :J t.:: , - 15 , S. 

hgulata ].:):$>}0) 4 fiOJfi~J!O)i!~HP.Ict;t , !~ c lv c:· Cu c Zn OJ;~tf:lt;t~ Gtl.t.J.IJ':J t..: , 
;j;: (;: , S. ligulata (;:J:~il[:'g'[ljj(;:f{<1:.~9~.::::.C:1JI~OGtl.Tl\~1JI, S. ligulata 1Ji 
1::~9 ~:'g[ljj c -{-O)il[_t c S. ligulata .t:):9}0Jfits:}Ji1JI1:.~9 ~:'Eitii!IOJ~d!fO)@~ ~~ 

iEiJi9~t.::66, ~~ · PHJt~~lffi!L-t.:: , :'Eioot:1::~9~ S. lig ulaca OJ¥~ii.Jc:'5lll!l...t 

t:1:.~9~-t-OJffuOJfits:~OJ¥~ii.JO) pH, 7.1<;~11 Fe ;ll.4/.t, &(}.7.1<;~11 SO/;,Iggr(;: 
-:Jl\-"((;i:f'j~t.J.jg!l\ (p<O.Ol) 1JI~61JGtl.t.:: , -t-L-""C¥~ii.JOJpH , J)<;g11F ;11.4gr, 
&cJ.J.I<;~11 so/·;!J.4fiOJ 3 P.X7J'OJra9c , -t-tl.-ftl.~~J¥;t:5i~ \f§IUJIUl1l: Cp<O .OOl) 1JI 
61f~2' tl.t.:: , ;Kt..: , S. bgulata OJ¥1~0J7J<;gtt Cu ;IJ.4fi (:7)<;~11 Zn ;!J.4fi(;:J: , ~ C:¥ 
1ii.J0)7k;g11 Fe ;_;grt:.ttt:i L- -c~toJ¥;t;:fff~ l{ii-z'iV.>?t.::, .::::.OJ7J<;gtt Cu ;.;fiC:l.l<;~tt 
Zn ;11.4/i t:-:J~'""Cf;:J: , s. hgulata OJ¥~ii.Jc-t-O)ffuO)fits:}I!OJ¥~~C:OJra9!:t;t1'J~t.J.i.i 

l\f;t~Gtl.t.J.1J>:Jt.::, ~t:, S. !igulata C:~C:< rm::::ttJ t:Ei'66Gtl.~*/'E/ 

:;; :i 7 ( Scope]oplJJJa cataractae (MiLt.) Broth. ) c * ') J'\ ::::( 7 (1111'elichhofen·a 

japonica Besch.) ~ ~;j~ C: L- -c , ¥~ii.J7.1<;~11P.X7J'O);!J.4J.tOJ:iil ' · -{- L- ""C'i§-J.I<£11P.X 
7J'ra90JIUJ~~Plf:9i:L-t.:: , pH &cJ.7k;gj1 Fe, Cu, Zn , SQ,2-;!J.4fit:IUl9~ t ~;:EO) 

*s~(;!:, S. cataractae c M. japonica OJ¥~ii.JOJra9 (;::f'j ~t.J.:iil \IJI .:V.>~.::::. c ~~ L-1.:: , 
S cataractae C: M. japonica OJ¥1ii.JO) pH C:1§.7.1<;g11P.X7J't:-:Jl IT(;!: , 0 l%0):f'j~ 

lk~c· Fe ;ll.4/.tc Zn ;,;J.t , Fe ;.;J.tc SO/ ;.;N , Cu ;.;grC: S0.,2';11.4/i. Zn ;11.4/ic 
S0/ ;11.4/iOJra9 t: , l%OJ:f'l~7k~c Cu ;,;J.te: Zn ;;J.tOJra9t: , -t-tl.-ftl.JEOJt§IUlr!Jl 
f~1J~~Stl.t.:: , ;Kt..: , O.l%OJ:f'l~ll<~c pH C: Fe ;.;/iOJra,t: , l%OJ~~7k~c 
pH C: SO.,"·;;fiOJra, (;: , t L- -c 5 % OJ:f'f~l.l<~c pH C: Cu ;~/i, pH c Zn ;11.4/.tOJ 
ra,t: , -t-tl.-ftl.J:ll.OJ 1§1UliUl~tJI ~Gtl.t.:: o f~[i]:::ttJ OJrs,c't pH t;::f'j~t.J.:ii~'IJ' 

~ G t1. ~ 0) c·, .::::. 0) I*~~ i!e ;j( 9 ~ t..: 61..> , S. Jjgulata, Campylopus p., 
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Jtwgennaimja vulcanicola Steph.'2: !fl ~IT, ~ti'Jif'O) Fe O)if~ ii.H:::: ·:n I Tlitf~ Gt.: . 

-tO)l\S!Jii!: . :!ll;qi~J!f> 0)7]<;~ttliX 5J' 1::<6 It~ Fe"' c 80 / &Lf-tn ~ O)l\SU::> i! IJ~ :!ll;~ill 

pH~~~~~O)~•~~~~~s~•ffima~n~. 0~. ~0)-~0)litf~~~• 

Gt.: 1 1 6 ~*'-f 0)7]< ;~ ttliX5J'0)5J' ffT#.s!l!!:'2::a@l\lij\5J' ffil::d:: t) ftiHfi Gt.: . Fe. Cu . Zn 

~19lll.~~ . SO_,"·Ht~~~c Gtc~ii . ~f:')j;' l ::~!!\~lf§OO (p<O.OOl ) IJfi~~nt.: . 

~ n ~ * ;~ tt 4 P.X 5t ~ 19lll. ~ ~ e: G . pH '2:: itE ~ ~ ~ e: G t.: ~ ii t ~!!l ~ q§ oo 
(p<O .OOl) t;q~~ntc . ~1i'JO) pH 1~1d:~n~7.k ;~1"Hl!~~ c SO/· r::W.~~~~It 

-c~ 1 ~ c:i!5 x. ~n. t¥1:: Fe 0)~~~/Jf~sH 1 c .ftJI!fi ~ ~1.t.: . 

2. rm~· rtJ O)l£~~±nci~±n1~f!i . I~±n.:c=~ 'J /?. '"'-O)Jt.Jflr::-:::>~1-c 

S. JJgulaca , S. ca taJ·actae &U 111. japonica ~!fl~IT , -t0)~1illc~~1*1f'O)a 

~~'£-~ :Ji O)fili, ¥1i'J0)7.k~11/J.X5t~;fttJ~ L,, .tt~~~i~i'T~tc . S. ligulata 0)~ 

1i1! 1* 9='&U¥1i'Jif'O) Fe -£-~ii!:ld: S. cataractae -'? M. jap onica l::.tt"'"l~ L l j~ 

(p<O.Ol) ~s~tc. -1J~. i'i!ii\'0) Cu '£-~:lild:i~i\' l::.tt"' fff~l f~~s~t-= . s. 
ligulata 0)~1il! pH ld: , S. cataJ·actae -'? M. japonica l::.tt~ G -c~~ l:: f!£/J) ~ tc 

(p<O.O l) • S. ligulata O) i!Mi'J if' 0)7]<;~t10) Fe c SO/· r:t , S. cataJ-actae -'? M. 

jap am·ca 0)¥1i'J if' O)-tt\.~ l ::.tt-"(~/))~t.:IJ1, 7)<.~1'10) Cu l:t~ l::i~i\' l ::.tt-"( jj£/)) 

~ t.: (p<O.Ol ) • S. cata;·actae 0)~1i'Jif'O) Fe -£-~:ll!l:t Cu 0)-tt\.l :: .tt-"(~ffi~~ I 
f~~S~/Jf , ~1ill1* 9=' ~ 1 :t~l;: Cu 0)'£-~:ll!/Jf Fe O)'£-~ii!:'2::-...t@I~TL1tc . ~O)!ilf 

~~r:t . *9itE*7'J) ~rrtJn n ~~~1i1Jf*O);$t;~1J;:tf'2::M~tmc G -c3 flO)ffi:fJ!'2:: 
5·Hfi L, tc 1Jf BJlM€tJ:;$t;~~1J;!l1Ji j~ ~ ntJ: 7'J) ~ t.: t.: 69 , Fe 0) !iiD~ 1JI'1J)tJ: U ~ ~ ntc S. 

ligulata , Campylopus sp., J ungermaJJnia r•ulcam·cola Steph '2::- !fl L I l , ~1ill1*91-

f~.IJ 1::11~~ ~;"')~'2::lll1 U ~ < ;jt;~1J;:tf l ::::> L IT~~i Gtc. -t-0)*-s!lli!: , 2 %0) EDTA 
~;w~ 3 o 5-J'r.,we: 5 ~ ~ ~ ciJ1 ~1ill1* 1::fi~ Gtc;"'J~1m~ ~lll1 'J It~< 0) r::~li:IJ~ 

s~•IJi.fiJBJl Gt.: . -tms!lli!: , ~1m1*r:: r:t~ % r::&,:;; Fe tJi 3 fl'UO)i¥ :~m:r::~~~ 

tl.TLit.: . a;t.: , Cu 1::-:::>LI"l ld: EDTA ;$t;~GtJ:LI~r+J:t);$t;~Gt.:~N0)1J7'JI~ 

~!i!IJI~ L lftJH<iJ '2:: 5f- G, ~1m-!* r:: J: ~ -c;;Jum ~ n -c ~' ~ • tJf :>F ~ nt.: . -t G -c 
I gni tion Joss &UTi l :t:liMi'Jf*)'HftiJI;:fi'~ G -c ~ ~~;~~1i'J:ii!:O)tl'f~ l::tJ:~•'2::M€~ L, 

t.: . ;x_ 1:: , El ;;$: 0) tl ;lt 0) ~ ft ith * 1:: I£~~ ~ S. ligula ta , S. ca taJ·actae, M 

japonica. Campylopussp .. J vulcanicola ~JflLIT , -tt\.~O)I£~¥1il!lf'0)7)<.;~tt 

/J.X 5J', ~~ji;&_ Lf~1i'Jf*lf'O)~~::li/J.X7J' 1:: ::> L I T.tt~~~i ~ i'J ~ tc . ~1i'J0)7)<. ;~1'f 

/J.X5J'ra,~l:t , pH, F e, EC 0)3i\' Fa,l::~!!\~l:f§~~1* (p<O OOl ) 1Ji~~nt.: . EC I:t 
a;t.: , 7)<.;~1:'10) SO/ c(l)Fa, l ::'t>5!!lL1iE(l)~§~ (p<OOO J ) 1Ji~?il.69~tl. . EC l :t7)<.;~ 

1:1 so , '·O)mt~r::t&: u i~~ c:i!5 x. ~nt.: . ¥1i'J(7)7J< ;~11P.X5t . ~~ii::P.X7l'&'Lf~1m1* 

lf'(l)~lJ:ll!P.X7l''2::il!C:.-c , Hil'.ia(Jr:: Fe ;~~c cu ;~§!'cO)r.,r::~O)~ fM~~?il.69~n 

t.: . ¥~i'J(7)7]<;~1:'1 Fe ;~~c~~mf*lf'(l) Fe ~ll!i!c(l)r.,r:: , ~U-::71< ;~11 Cu ;~~c 
~1mf*lf'O) c u ~~i!:c(l) r., r::~F:* r::5tet liE(l) ~§~~f* Cp<O.OO I ) IJ~'~r-69 ~nt.: . 
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r£fo]~ltJ O)t:p"t':t. s hgulata ld: , -tO):fiM?IJ-!*t:fO) Fe ?i1'fiild:ffucttt:/9~c~ 

<, -1J"t' S. cataractae (;t Cu ?i1'fiitJ~ffuO)!ijii?Slti'id:: U :fJS)j<:,tJ)(;::~tJ) ·:>t.: . 7]<;~ 

1iJJHJ'C:Mi?S/ti'iO):IiM?IJ-1*7H'fi-'2':-llil~I::~!JffiG-c~'~ 3 1 ~r!O)*a~-'2':- . l)(;~t'f Fe, 

cu, zn, so.,z-.&V:pH -'2':-~sn~~e: t.-. 1@4?1J-!*t:fO)~~~nt-'2:--tn-tn1ttnt~~c 

t.--c~§l'.iii\7Hfi-'2':-~1Jffit.-t.:c~0. ~tt<:,7.k~t'f5/J.X7J'c Fe .&U Cu O)ra,l::-t:h-t 
:hs9{~11§~ (p<O.OOl) tJ~i~<::,nt.: . Mi?SUO) Fe c Gu O)D~JjX(;::~tt<:,7.k;~t'ffi.X7J' 

(:pH tJl' ltiJ=tcG-c~<~P::>"Cl'~~ctJ~~X.<:,:ht.: . S. catawctae ld: , @TO) 
¥4M~~O)iii?SUO)iffifj;'O)I£~ pH l~(;::tJ:< -c:t . 7](~11/J.XJ-J'c G-c Cu c 80/'tJI 
HU-g~:h~i'.li"t''i:~G-cL'~~ctJ%~ . -till!:: rm~·ltJ cc!tt~M~U"t':t , 

t0)1£~~l:Jl.~1@:4?1J-!*t:fO)~~nt?i1'!1il::~l ltJIJi <:,;h, S h{Julata (;t , l)(;gt'ffi.X 
7J' (: G -c Fe (: 80/tJI~iil; l::i:!U-gc! :h~I~i:Jt(;:: , ;l:;t.: S cataractae (;t7)c;gjj:JJ.X7J'c 
G-c Cu c SO/tJii:!U-gc!:h~~l:Jl.l:: . -ttl.-ttl.Hiu"t''i:~G-c~,~~tJifftifttJc!ttt.: . 

-ttL-ttL0)7.k~ttfi.X7J'O)i:!U-g0)9DiiiJ tJ~ ~n <::, M~@O)f~.~.-'2':- ;~:if: G "Cl' ~ d::? 1::~ 
x. <::,nt.:. ~n.::, rifa].:::::·lt J e: llflitt~M~:I)i'ild: . -tO)~~nt-'2':-i!U!ii t.-? ~ liE::tJ -'2':­
I~i:Jti~1:i~I~!:Jt.:c:=:» 1) /:?'(;::};t!fjg~~(:tJI~X,<:,;h.~ . !j:i¥(;::, ml.k~~A..O);flj 

ffl"J ~ I"Cid: , £,~ttld:S~tJ1'4?1J~l¥! I::'E=:» 1J ;..-:::;.·· ~Wii~~F7)dfl:~ 7'5 / t-tJI~@: 

C'~ tJ: ~I d::? tJ:~JUJI;/J:~PJi"-O)JOO!fj ~, ;!;)~~I ld: :::J .A t- 00 ~i!E'Ii~~OOC', l.l/.tEO) 
B ;;f:C'-~l¥1 (;::ftjffl;:! ;h. -c~ ~~~W1JtJI~@.T~ t,J:~ IJ:? tJ:~M~J:.OOTO) , ~~nt 

~Ji-'2':-?i lut~~Fl.kO)~~I::r.tm <:! :h~ ~ c tJii!M;'f <:! tt~ . 
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