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INTRODUCTION

When studies about the ecophysiological function in moor ecosystems or the
conservation of it are planned, it is a fundamental matter to get hold of the growth
or matter production of Sphagnum mosses which usually dominate the ecosystems.
Ecophysiological studies of Sphagnum have been done in the northern regions of
Europe and America (e.g. Clymo, 1970; Clymo, 1973; Clymo and Heyward,
1982 ; Grigal, 1984 ; Moor, 1989 ; Pakarinen, 1978 ; Rydin and McDonald, 1985 ;
Titus and Wargner, 1984 ; Wieder and Lang, 1983). In Japan, ecophysiological
studies about Sphagnum were few. There have been a few studies about the
production or growth of Spagnum, in Ozegahara Moor (Kashimura and Tachibana,
1982), in Akaiyachi moor (Kashimura and Kantani, 1987) and in Furen mire
(Tachibana et al., 1987).

The dry matter production or the growth of Sphagnum has been estimated
with the elongation rate and the density in the habitat (Kashimura and Kantani,
1987 ; Kashimura and Tachibana, 1982; Moor, 1989; Rochehort et al., 1990;
Wallen et al., 1988 ; Wieder and Lang, 1983). The measurement of the elonga-
tion have been carried out with innate markers, nets, cranked wires, etc. But
every method seems to have some wrong effects on mosses. For example, Russell
(1984) reported that the growth of mosses was inhibited by their contact to metal
equipment, such as nets and cranked wires. And also, Clymo (1970) reported that
growth in length was not closely correlated with growth in weight unless reffered
to a paticular environment.

An indirect method, like photosynthesis, is applied to the measurement of the
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growth or the matter production. But the photosynthetic rate of Sphagnum is
controlled by environmental factors, i.e., temperatire, radiation (Harley et al.,
1989), water content (Dilks and Procter, 1979 ; Ino and Takamine, 1994 ; Murray
et al., 1989 ; Titus et al., 1983) ete. and also, by internal factors, i.e., photosynth-
etic activity, seasonal growth. pattern, etc. ‘The changes of temperature and
radiation are measured easily but, the continuous measurement of the water
content is difficult. As a matter of fact, the production studies with water content
have been few, ‘

In this study, photosynthesis of 3 species of Sphagnum mosses sampled in a
moor on the slope of Hakkoda Mts. were measured monthly in the laboratory
during a growing season. Photon flux density and moss temperature were
measured in their habitats during four growing seasons, from May to October.
Net production rate of each moss population under the optimum water content
was calculated with these data. Then, the calculated production rates were
corrected with the estimated daily water contents of mosses in the habitats and the
respiration amounts in the nonphotosynthetic tissues were taken away from the
corrected production rates. '

This study was supported in part by the funds from Waseda University
(91A-47 and 92A-49).

MATERIALS AND METHODS

1. Sampling site

Materials were sampled in Takadayachi moor (40°37'N, 140°53'E, 1,000 m alt.,
ca. 5.9 ha) which was situated on the south-east slope of Mt. Hakkoda-Ohdake in
Aomori Prefecture (Fig. 1). Sasa kurilensis surrounded the moor and the outside
was covered with evergreen conifer, Pinus pumila and Abies mariesiz. - In this
moor, some species of Sphagnum existed with Drosera rotundifolia, Andromeda
polifolia and Vaccinium oxycoccus. Moliniopsis japonics and Sanguisorbs
tenuifolia were dominated in summer. Sphagnum nemoreum and S. papillosum
grew in hummock parts and S. tenellum was in hollow parts. Yoshioka (1963)
described in detail the vegetation of Takadayachi moor.
2. Sampling methods ; o

Samples of 3 species of dominant Sphagnum were taken monthly from May
to October in 1989. Two blocks, about 12 cmx 12 cm and 10 cm depth, per a
species were cut from each population and each block was put into a polyethylene
bag. These samples were put in an ice box and were transported to Waseda
University at Tokyo within two days. In laboratory, the samples were held in a
growth box at 10°C, 100 ymol m~2s~! PFD (Photon flux density) and 121.-12D
until the measurement of photosynthesis.
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_ Fig. 1. The location investigated in the northern Hakkada Mountains.

3. Measurement of photosynthesis

Two infrared CO, gas analyzers (VIA-300, Horiba Ltd, Kyoto), an assimila-
tion chamber with a temperature controller (MC-A3W, Koito Industries Ltd.,
Yokohama) and 400 W metalhalide lamp (BOC400C-U, Mitsubishi Electric Co.
Ltd., Yokohama) were used for the measurement of photosynthesis. At the day
before the measurement of photosynthesis, the green layer, about 2 em in thick-
ness, of moss block was cut out and the layer was put in a 9 cm shallow Petri dish
in the natural growing density. First experiment was done to find out the
optimum water content for net photosynthesis. Fully moistened sample was put
into the assimilation chamber and the CO, exchange was measured at 15°C, 1,100
umol m~2s7! PFD and 350-370 ppm CO,.- The Petri dish with the sample was
taken out from the assimilation chamber every 20 or 30 min and after being
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weighed, it was returned to the chamber. This treatment was repeated after the
CO, uptake began to drop. It was supposed that the water content just before the
photosynthetic rate began to drop was the optimum water content for net photo-
synthesis.

The photosynthetic rate of each species was measured at 4 different levels of
moss temperature, i.e., 25, 20, 15 and 10°C, and 5 levels of PFD, i.e., 1,100, 700, 300,
120 and O ymol m~2s~! with double samples at the optimum water content.
After that, the sample was dried at 80°C for the measurent of the dry welght
4. Measurement of respiration in nonphotosynthetic layer

The upper part of the brown colored portion lives under the photosynthetic
layer. It is thought that the substance for the respiration of brown portion is
translocated from photosynthetic layer, because matter production is not carried
out in the brown layer. Respiration of the upper brown layers, 2-4 cm and 4-6
cm from the top was measured for each species. In 8. tenellum, the tissue deeper
than 4 em, and in other species, the tissue deeper than 6 cm were decomposing.

The samples were cut out from the blocks and put into shallow Petri dish in
the natural density. The respiration was measured with the same equipment as
the measurement of photosynthesis without irradiance. The temperature was 5,
10, 15, 20 and 25°C. The water content was not controlled, because it was clear
that respiration rate was not affected by the water content in the natural growing
condition.

5. Measurement of microclimate

The microclimate, i.e., air temperature, moss temperature and PFD, at
Takadayachi moor were measured for the calculation of matter production. The
moss temperature of each species was measured at 1 cm below the surface with a
thermistor sensor for 10 s per every 30 min and these data were stored with a logger
(KADEC-U, KONA SYSTEM, Sapporo). Photon flux density was measured at
about 30 cm above the surface with a sensor (IKS-25, Koito Industries Ltd.,
Yokohama) which was turned right above, every 10 min. The data were stored
with a logger (KADEC-UP, KONA SYSTEM). The measurement was carried out
from May to October, from 1990 to 1993. The temperature data in S. papillosum
habitat in 1990, and PFD from May to July in 1992 were not recorded because of
the trouble of the loggers.

6. Calculation of net production

A non-linear multiple regression model given by Kappen et al. (1988) was

used in this study :

Pn=p,+p; « T+ ps » T4 po » In(141)4-ps » (In(I4 1)) 4-p » T » In(I+1)

(1)
where Pn, T and I is net photosynthetic rate, the moss temperature and PFD,
respectively. The P, in this equation is the parameter of each component. The
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parameters in each month, from May to October, were decided with the relation-
ships between photosynthetic rates, and PFD and the moss temperature measured
monthly in 1989. The correlation coefficiencies of the equations were in the
ranges from 0.99 to 0.72.

Hourly net photosynthetic rates were calculated by PFD and the moss
temperature in the habitats. The relationship between the respiration rate and
the moss temperature was shown with an equation :

Ri=q+ @+ T-hgs s T?

where R and T is the respiration rate and the moss temperature, respectively and
qn 18 the parameter of each component.

The parameter ¢, of each month equation was decided with the respiration
rate and the moss temperature. The correlation efficiencies of monthly equations
were in the range from 0.99 to 0.88. »

The hourly respiration rate was calculated with hourly mean moss tempera-
ture. Daily net production was calculated with the hourly photosynthetic rates,
hourly respiration rates and mean carbon content, 449%,, of mosses.

7. Water content in habitat

The daily changes of the water content in photosynthetic tissue of each
species were measured in the habitat from 16 to 22, September, 1993 and for a few
days in August, 1991. In order to measure the water content, ten shoots were
sampled, two or three times a day, and the samples were put into polyethylene
bags. These bang were put in an ice box and transported to the laboratory.
After the fresh weight was measured, each sample was dried at 80°C in an oven for
over 48 h and the dry weight was measured. The water content was showed as
percentage of water amount to the dry weight.

RESULTS

1. Climate

Daily cumulative PFD (DPFD) is shown in Fig. 2 as the daily mean of every
10 days. The highest DPFD was recorded in May or July and was over 40 mol
m~2day~!. The highest PFD in a day was over 2,000 gmol m=2s-!. The DPFD
decreased after July and in October it dropped to 20 mol m~2 day~!. Daily mean
moss temperature is shown in Fig. 3 as the mean of every 10 days. In 1990, the
temperature of two species except S. papillosum is shown, and in 1993, the air
temperature is added. The daily mean moss temperature was highest in late July
and early August and it was over 20°C. The daily maximum temperature of each
species was often over 30°C in summer. The temperature of S. papillosum was
higher than the other species in the summer of 1991 but this tendency was not
recognized in 1992 and 1993. After August, the moss temperature dropped and in
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Fig. 2. Seasonal changes of daily cummurative photon flux density (DPFD) at Takadaya-
chi moor. Each point shows the mean density of tenor eleven days.
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Fig. 3. Seasonal changes of daily mean moss temperature of Sphagnum temellum, S. =
papillum and S. nemoreum and the air temperature at Takadayashi moor. Eath
point suows the mean temperature of ten or eleven days.: The air temperature was
measured only in 1993. The moss temperature of S. papillosum in 1990 was not
measured because of the trouble of the equipment. '

S tenellum, a: S. papillosum, @: S. nemoreum, * : air temperature
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late October, it was below 5°C. The daily mean air tempefature was lower than
the moss temperatur. .
2. Relationships between net photosynthetic rates and water contents

The relationships were taken 4 to 6 times from July to October in- 1989.
Monthly samples of each species had different maximum net photosynthetic rates
but the optimum water contents were equal. The optimum content of each
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Fig. 4. The relationship between the water content of mosses and the relative
photosynthetic rates to the maximum rates.
A: S tenellum, m: Jul.7; &: Aug.83; a: Aug.5; »: Aug. 30; @: Sep.23;
v : Oct. 26.
B: S papillosum, m: Jul.5; »: Aug.29; @: Sep.23; vOct. 25
C: S nemoreum. W: Jul. 5; &: Jul. 26; a: Aug. 3; »: Aug. 30; @: Sep. 22;
v : Oct. 25.

species was in the range of 800 to 1,2009%, (Fig. 4). The optimum was equal to the
optimum of the same species measured the year before (Ino and Takamine, 1994).
When the water content was lower than 800%,, the photosynthetic rate dropped
sharply, and when higher than 1,2009,, it decreased gently. These relations

correlated with the following polynomial equations and the curves are shown in
Fig. 4:

S. tenellum ; Pn=—0.0004Wc*+0.0882Wc?—3.30Wc?+40.6Wc--60.8 3)

, R2==0.905
8. papillosum : Pn== —0.0000TWc?+-0.162Wc+-9.87 )
R?=0.797
S. nemoreum ; Pn=:0.0071Wec*—0.155Wc?--0.652Wc? +28.7TWc---37.2 (5)
R2=0.926

where Pn is the relative rate (9,) to the maximum net photosynthetic rate and We
is the water content to dry weight.
3. Seasonal changes of the maximum photosynthetic rates

The maximum photosynthetic rate and respiration rate in each month are
shown in Fig. 5. The photosynthetic rate and respiration rate of S. tenellum in
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Fig. 5. Seasonal changes of the maximum net photosynthetic rates and dark respiration

rates at 25°C of Sphagnum tenellum (W), S. papillosum (@) and 8. nemoreum (a).
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Table 1. Days of calculation, net production and respiration of 3 species of Sphagnum.

T

Net production
‘rate under

T

 Corrected produc- Respiration rate of

i Correct/optimum

optimum i tion rate by daily ' nonphotosynthetic . (b)—(c)
Days | wate p tent . water content (b) - layer (c) . | (gdwm™? (b)/(a)
Month | water (éon s (a) (g dw m~? ' (g dw m~? month~1) (%)
(g Wu_l, month~!) | month~?)
month~1) i
S.t. S.p. Sa. 18t Sp. Sni St Sp Snm St Sp S St Sp S St Sp. S
1990 May 07-31 07-31 j 53 35 48 35 12 3 35 31 i 90 99
1990 June 01-30 01-30 95 42 80 41 35 16~ 45 25 85 97
1990 July 01-31 01-31 62 100 © 49 96 54 31 —4 66 79 96
1990  August 01-31 01-31 61 63 | 50 60 49 36 1 24 . 82 95
1990 September 01-30 01-30 70 81 62 7% . 27 17 o34 59 88 94
1990  October 01-13 01-13 39 16 34 15 “ 5 1 29 R 14 87 94
Total 160 160 /380 337 : 323 322 1182 104 @ 141 219 & 96
1991 May 31-31 31-31 31-31 3 0 2 3 0 3 1 0 o @ 2 0 1 98 100
1991 June 01-30 01-30 01-30 | 96 11 43 85 11 42 29 20 16 + 56 -9 26 89 100 98
1991 July 01-31 01-31 01-31 71 16 90 60 15 86 36 27 25 23 —-12 61 84 95 9%
1991 August 01-31 01-31 01-31 79 54 65 69 53 63 - 39 31 30 - 31 22 33 88 97 97
1991 September 01-30 01-30 01-30 43 47 91 37 41 89 ' 24 15 13 13 26 787 87 98
1991 October 01-11 01-11 01-11 26 6 12 21 6 11 i 5 1 1 16 5 10 81 100 9
Total 134 134 134 317 134 303 275 126 293 - 134 94 8 141 32 207 88 96 97
1993 May 13-31 13-31 13-31 ;. 35 30 23 31 30 22 8 1 3 23 29 20 9 100 97
1993 June 01-30 01-30 01-30 84 19 42 75 19 40 - 22 6 12 1 53 13 29 0 90 . 100 94
1993 July 01-31 01-31 01-31 70 20 61 61 19 49 37 18 24 23 1 24 86 97 80
1993 August 01-31 01-31 01-31 4 57 66 65 56 57 . 36 16 23 . 29 40 34 87 98 87
1993 September 01-30 01-30 01-30 7 48 84 63 48 74 | 23 6 10 | 40 42 64 8 100 89
1993  October 01-18 01-18 -~ 01-18 ¢ 51 —17 19 1 42 17 17 4 0 0 '3 17 16 ,82 100 89
Total 159 159 159 385 157 294 | 337 156 259 j 131 48 72 . 206 107 187 - 87 99 89
S.p.: Sphagnum papillosum S.t.: S tenellim  Sn.: S. nemoreum
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August were not measured. The photosynthetic rates in September were higher
than in other months. The respiration rates in September and late in May were
higher than in other months. '
4. ' Respiration in nonphotosynthetic layer
There were good correlations in the relationships between the respiration rate
and the moss temperature in all species (Fig. 6). Respiration was not detected at
5°C and the rate rose sharply with the increase of the temperature. '
These relationships were shown as the following equations :

S. tenellum ; Rd—=0.0012Tm?>1? . R?::0.989 (6)
S. papillosum ; Rd:=0.0143Tm? 664 R?:=0.996 (M
S. nemoreum ; Rd:=0.0001Tm?5%42 R?:20.996 (8)

where Rd is the dark respiration rate and Tm is the moss temperature at 0.5 cm
depth.

Hourly respiration rates in their habitats were calculated with hourly mean
moss temperature at Takadayachi moor. Daily respiration rates were calculated
as the sum of hourly rates and they are shown in Table 1. Their range was 131
to 182 gdwm2y~! in S. tenellum, 48 to 94 gm~2 y~! in S. papellosum and 72 to 104
gm-2y~!in 8. nemoreum. :

5. Calculation of net production under the optimum water content

Matter production was calculated with the equation (1) and (2) in growing
season, May to October, in 1990, 1991 and 1993. The photosynthesis in S.
tenellum was not measured in August. Therefore the components p, and ¢, in the
equations of August were estimated from the regression equations in July and
September. The calculation in the periods when PFD or the moss temperature
was not recorded was not done. Annual net production rate in the opﬁimum
water content was 136 to 157 gdwm~2y~* in S. papillonum, and 317 to 385 gm~2
y=lin 8. tenellum, and 294 to 337 gm=2y~! in S. nemoreum, respectively.

6. Estimation of the water content in the habitat

The relationhips between the diurnal range of the moss temperature and the
water content of the shoots are shown in Fig. 6. The following equations were got
by using the relationships:

S. tenellum ; We—= —2.73DR+26.3 R?:-0.311 9)
S. papillosum ; We== --1.42DR+17.6 R?-=0.648 (10)
S. nemoreum ; We=--121DR+16.2 R?::0.442 (11)

where Wc is the water content of shoots and DR is the 0.6 power of the diurnal
range of the moss temperature, '



88 ECOLOGICAL REVIEW VOL. 23, NO. 2 (1995)

2500 A T ! i
ST Se— S —— ST
+ 1500 [---------T R o dm o
S | ' :
1= ! ! !
S 1000 f---oooooee- P L e
- | ! |
3 500 p------mee- pmmmmmes ommmmeeee Ao
(3] 1 1 :
= | l |
0 1 1 1
3 4 5 6 7
(Diurnal range) %
1600 ; : .' : :
s B
S 1200 f------duzzzo e s S booomeees
- CTS—
+ ! ' ' ! 1
R i R B e S
[ -y 1 | 1 1
(@] l | t |
o ! | { i |
b 400 bl S— S E—— [
D | | i I |
3 1 1 1 t 1
Y i i i | !
= 9 | i i i i
3 4 5 6 7 8 9

(Diurnal range) %8

DISCUSSION

The photosynthetic rate of moss is controlled by the water content as shown
in Fig. 4. The water content of Sphagnum in the habitat was affected by the
climate and the water table. The water content in the habitat was not always
under the optimum condition. Therefore the production rate which was calcu-
lated with the photosynthetic rate under the optimum water condition is over the
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Fig. 7. The relationship between the diurnal range of the moss temperature and the water
content of mosses.
A Sphagnum tenellum, B : S. papillosum, C: 8. nemoreum.

~ actual rate. If the daily water content in the habitat can be estimated, the daily
net production rate under the optimum water condition can be corrected with the
equations (3) to (B). '

If the water content of photosynthetic layer is high, the change of moss
temperature in the layer is made small by the evapotranspiration in daytime and
the heat capacity of water at night. Therefore, it is estimated that as the water
content gets higher, the diurnal range of the moss temperature becomes smaller
and as the water content gets lower, the diurnal range, larger. The relation shown
in Fig. 7 supports the above estimation. The daily mean water content of
photosynthetic layer could be estimated with the diurnal range of the temperature
in the layer. The production rates calculated under the optimum water condition
were corrected with the equations (9) to (11) and equations (3) to (). Asshown
in Table 1, the corrected production rates (b) of S. tenellum growing in the hollows
were lower than 90%, of the production rates (a). S. paptillosum growing in the
hummocks was not largely affected by the water content and the corrected
production rates were 96 to 999, of those in the optimum water content. The
decrease in the production of S. nemoreum in the hummoks was small in 1990 and
1991, but in 1993, it increased to about 12%, of the optimum rate.

Another correction was carried out about the respiration of nonphotosynth-
etic layer. The dry matter amount per day used by the respiration of that layer
was calculated with the equations (6) to (8). It was considered that the daily
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mean moss temperature of the layer was equal to the daily mean air témperature.
The annual production rates which is gained by subtracting the respiration (c)
from the production rate (b) are shown in Table 1. That rate ((b)-(c)) was 141-
206 gdwm™2, 32-107 gm~2 and 187--219 gm~2 in S. tenellum, S. papillosum and
S. nemoreum, respectively. The measurement periods of the microclimate were
shorter than the growing periods from thaw to snowfall. Therefore it seems that
these calculated rates were slightly lower than the actual annual production rates
of these mosses.

There were some reports that the net production rates of S. papillonum
amounted 66 to 610 gm=2y~! (Clymo, 1970 ; Kashimura, 1982 ; Kashimura and
Kantani, 1987 ; Lindholm and Vasander, 1990 ; Moor, 1989). We could not find
the production rates of S. tenellum and S. nemoreum.

SUMMARY

Photosynthesis of Sphagnum tenellum, S. papillosum and S. nemoreum were
measured monthly under the optimum water contents in their growing season of
1989. These species were dominant in Takadayachi moor of Hakkoda Mts. in
northern part of Honshu. 8. tenellum is growing in the hollows and others are in
the hummocks. The surface layer temperature of each moss population and
photon flux density (PFD) were measured and recorded with some loggers.  The
dry matter production in photosynthetic layer of each species was calculated with
the relation between photosynthetic rate and moss temperature, PFD and the
water content. Then the respiration of nonphotosynthetic layer was subtracted
from the dry matter production. The ranges of the dry matter accumulations in
growing seasons of 1990, 1991 and 1993 were 141-206 g m~2, 32-190 g m~2? and 187-
219 gm=%in S. tenellum, S. papillosum and S. nemoreum, respectively.
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