New Zealand Journal of Marine and Freshwater Research, 2004, Vol. 38: 329-340
© The Royal Society of New Zealand 2004

0028-8330/04/3802-0329

329

Deep-water bryophyte records from New Zealand lakes
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Abstract A review of bryophyte records from
New Zealand lakes showed a “deep-water” assem-
blage occurred at 210 m depths within 16 lakes all
of which possessed high water clarity (1/Kq4 >3).
Bryophyte depth limits ranged from 12 to 70 m.
Depth limit was significantly related to water clar-
ity and extended to where the level of irradiance was
0.2-1% of light incident on the lake surface. Deep-
water bryophytes were generally absent from lakes
where large populations of freshwater crayfish oc-
curred, and from sites with physical disturbance.
Between 34 and 42 bryophyte taxa were recorded,
with some identifications incomplete because of
unusual morphology. Although some taxa are known
to be aquatic, others have previously been regarded
as typically terrestrial or paludal. Deep-water
bryophytes were well represented in New Zealand
lakes compared with records from elsewhere. Sig-
nificant threats to this unusual plant assemblage are
eutrophication accompanied by declining water clar-

ity.

Keywords submerged bryophytes; water clarity;
depth limits; Fissidens

MO04004; Online publication date 8 June 2004
Received 22 January 2004, accepted 8 March 2004

INTRODUCTION

Bryophytes (mosses and liverworts) often comprise
the predominant macro-vegetation in environments
where other plants are restricted by extremes in
environmental parameters. Such extremes include
very low levels of light, temperature, nutrients, and/
or pH. As stress tolerators (Grime et al. 1990), many
bryophytes are able to form communities in habitats
that are inimical to other types of plant. Examples
of such communities are found in Antarctic habitats,
cave mouths, acidified European lakes (Riis & Sand-
Jensen 1997), and at depth within transparent lakes
(Middelboe & Markager 1997).

Ignatov & Kurbatova (1990) reviewed infor-
mation on the composition of bryophyte assemblages
found at greater than 2 m depth in lakes and found
over 85 bryophyte taxa had been recorded from these
permanently aquatic environments. The distribution
of bryophyte assemblages included lakes from
Antarctica, Western Europe, United Kingdom,
South-East Asia, and both North and South America.
Amongst these were three lakes where bryophytes
were recorded at greater than 50 m depth, with a
reported depth of 65m for Lake Geneva
(Switzerland), 120 m for Crater Lake (United
States), and 124.5 m for Lake Tahoe (United States).

Not included by Ignatov & Kurbatova (1990)
were early bryophyte records from New Zealand
lakes (Clayton 1983a; Coffey & Clayton 1988).
These and subsequent accounts (e.g., de Winton et
al. 1993; de Winton 1994) described mosses and
liverworts that formed the dominant vegetation at
depths below the limits of vascular submerged plants
and non-vascular charophytes. It was apparent that
bryophytes formed an ecologically important
vegetation type that extended the vegetated zone in
several clear-water lakes. Elsewhere in New Zealand
lakes, bryophytes were dominant on rock substrate
in the wave splash zone or formed a minor
component of the shallow vegetation (e.g., de
Winton et al. 1993). The other documented
dominance of lake vegetation by bryophytes is in
remote, often high altitude water bodies where
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vascular plant presence is restricted (e.g., Michaelas
1982).

In this paper we review information collected on
deep-water bryophytes in New Zealand lakes and
assess the importance of these assemblages in a
global context. Deep-water bryophyte assemblages
are defined as occurring at >10 m depth, recognising
that non-vascular plants such as bryophytes and
charophytes become more ecologically important
beyond the maximum depth limit for native vascular
plant growth.

METHODS

Survey information

Records for bryophyte assemblages from =10 m
depth were extracted from a database containing c.
16 000 plant records from vegetation surveys of 155
lakes (de Winton 2002). Data were obtained using
the survey method of Clayton (1983b) where
SCUBA divers record vegetation presence along a
depth profile at several sites within each lake.
Observations included the depth range of the
bryophyte assemblage, average cover within the
depth range, and maximum cover in any 2 m? area
with reference to the following modified Braun-
Blanquet cover scale: 1 =1-5%, 2 =6-25%, 3 =26—
50%,4=51-75%,5 =76-95%, 6 = 96—100%. Some
notes on bryophyte composition and substrate were
also available from the original survey sheets. Diving
depth constraints meant the maximum depth limit
(Z.) for the bryophyte assemblage was not always
obtained in Lakes Coleridge, Wakatipu, and
Wanaka. However a subset of confirmed Z_ records
was extracted.

Estimates of maximum biomass of deep-water
bryophytes were made by taking quadrats (0.1 m?)
at 30, 40, and 50 m depth in Lake Wakatipu, 30 and
40 m depth in Lake Wanaka, and 18-22 m in Lake
Rotoroa. For the first two lakes, the composition by
bryophyte taxa was subjectively estimated in the
biomass samples with reference to identified
specimens. If present, charophytes were separated
and all material was dried at 80°C to constant weight
(£0.01 g).

Water clarity information

To explore the influence of light availability on Z_
for deep-water bryophytes, we used values for the
downward attenuation coefficient (K,) for
photosynthetically available radiation (PAR)
reported by Schwarz et al. (2000), with the exception
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of Lakes Sumner, Tennyson, and Lochnagar. For the
latter lakes, K4 was estimated from Secchi disc depth
measurements made during vegetation surveys,
using the following equation (Davies-Colley & Vant
1988):

“SD = x/ K4 (1)
where ZSD = Secchi depth and the constant K is taken
as 1.72; a value derived from data for Lake Coleridge
(Davies-Colley & Vant 1988) that is a representative
of the glacial lakes that comprise the majority of the
study sites.

Summary values for bryophyte Z. were calculated
for each lake using confirmed depth limits and a
linear regression analysis was carried out for 1/K
versus Z, summary values, where the y-axis intercept
was assumed to be zero (e.g., Schwarz et al. 2000).
Using the regression equations derived from this
analysis we identified the predicted percentage of
incident PAR at Z_ according to the equation (Kirk
1994):

E,= Eincidem*exp_(Kd*Z) (2)

where E;,.q4ent = PAR at the water surface, set at
100%, and Z = Z...

Taxonomic and morphological information

Bryophyte samples collected at depths of 210 m in
14 lakes were separated into component taxa and
identified to species level where possible (see
Acknowledgments for additional determinators).
Voucher specimens for taxa were lodged in New
Zealand National Herbaria (AK, CHR). Portions of
selected samples collected from deep-water sites
were grown on in artificial conditions to assist
identification. Moss subsamples were placed on an
autoclaved soil substrate, initially in water with the
water level slowly reduced to a damp substrate in
conditions of high humidity (within large plastic
bags). Cultures were kept for >6 months at 16-20°C,
under c. 150 pmol photons PAR m~2 s~! at a
photoperiod of 14-16 L:8—10 D. Comparison was
made of the morphology of the deep-lake collections
with that of the cultured subsamples, and of
specimens of the same taxa from terrestrial or
shallow-water sites.

RESULTS

Survey information

Database records for bryophytes from 210 m depth
totalled 141 entries and comprised c. 30% of all lake
records of bryophytes. These “deep-water”
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Fig.1 Location of New Zealand ‘ 170°E
lakes where deep-water bryo-
phytes (=10 m depth) have been ]
observed. 35°8
L. Waikareiti
L. Rotoroa L. Rotoiti
Colerid L. Tennyson
L. Coleridge L. Sumner
L. Wanaka
L. Lochnagar
L. Te Anau
L. Manapouri L. Wakatipu 45°S
L. Hauroko 2}:
L. Monowai
|170°E

bryophytes were present at 15 out of 60 South Island
lakes that were surveyed (Fig. 1). Although survey
data were also available for 95 North Island lakes,
no deep-water bryophyte records were extracted.
However, deep-water bryophyte specimens were
collected from an un-surveyed water body, Lake
Waikareiti (Fig. 1), together with limited
observations of depth and cover. Table 1 presents
summary information on the frequency and depth
limit of the deep-water bryophyte assemblage, together
with dates and depths of specimen collections.
Deep-water bryophytes had a discontinuous
distribution within the lakes and were absent where
littoral slopes were steep and had unstable substrates,
or where streams entered and were observed to create
underwater currents or turbid plumes. However,
sometimes the reasons for their absence were not
apparent. In Lake Rotoroa, deep-water bryophytes
were restricted to one site that comprised a gradually
sloping shallow basin, located just below the
maximum depth of charophyte beds. This site was
atypical of the remainder of sites surveyed within the
lake where steep littoral slopes lacked bryophytes.

Although bryophytes were frequently present in
shallow water at the sites where the deep-water
assemblage was recorded, bryophytes were generally
absent from the mid-depth region of lake vegetation
where high covers of vascular or charophyte
vegetation occurred. For example, in at least 70% of
records, deep-water bryophytes were recorded as a
discrete, deeper community with minimum depths
of 210 m.

Deep-water bryophytes frequently occurred on
rock substrates (e.g., Lakes Coleridge, Monowai,
Waikareiti, and Sumner), a mixture of rock and silt
(e.g., Lakes Hawea, Manapouri, Wakatipu, and
Wanaka), or silt (e.g., Lakes Tennyson, Lochnagar,
Ohau, and Rotoroa), and often occurred on more than
one substrate type within the same lake. In addition,
wood debris was a common substrate for bryophytes
in Lakes Hauroko and Te Anau especially.
Bryophytes were more firmly attached by rhizoids
on rock and wood substrates than on silt, and
sometimes they lay loosely on the surface of silt
substrates without apparent attachment (e.g., in Lake
Tennyson).
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Bryophytes formed a low-growing (<0.1 m high)
variable cover on the bottom substrates. The median
of average cover for deep-water bryophytes within
the surveyed lakes was typically low (1-5%), with
the exception of Lake Hauroko (1-50%) and Lake
Rotoroa (96-100%), whereas maximum covers
exceeded 95% in Lakes Wakatipu, Wanaka, and
Rotoroa. Bryophyte cover was often observed to
decrease near to the maximum depth limit. It was
also observed that liverworts became a more prominent
component of the bryophyte assemblage with depth
in Lakes Coleridge, Wakatipu, and Wanaka.

Maximum bryophyte biomass sampled in Lakes
Wakatipu and Wanaka were taken from the mid to
lower depth range of the deep-water bryophyte
assemblage (30—50 m). Here bryophytes dominated
vegetation biomass (Fig. 2), comprising 298% at the
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deepest sampling depth. Maximum bryophyte
biomass averaged 13.0 g dry weight (DW) m? (£1.5
SE, n = 18) in Lake Wakatipu, 26.7 g DW m? (£0.3
SE, n = 6) in Lake Wanaka, and 118.8 g DW m?
(x16.8 SE, n = 10) at the Lake Rotoroa site.

The 0.1 m? biomass quadrats collected from
Lakes Wakatipu and Wanaka contained a median of
at least 6 taxa. For Lake Wakatipu, Fissidens spp.
and liverworts comprised a greater proportion of the
biomass in the 40 and 50 m samples (average 79—
89%) than in the 30 m samples (average 4—7%).

Water clarity information

The lakes in our data set had relatively high water
clarity (1/K4 >3, Table 2). Average Z. was
significantly correlated to 1/Ky (Fig. 3), as was
maximum Z, (max. Z, = 6.1/Ky4, 12 = 0.61, P <

Table 1 Summary of survey information on the frequency and depth range of deep-water bryophytes in New
Zealand lakes (see Fig. 1 for location), and information pertaining to specimen collection. Sequential sampling dates

indicated by a and b.
No. Frequency Max. Collection

Lake (for Table 3) Survey date (% of sites) depth (m) Collection date  depth (m)
Alta 1 30 Jan 1992 66.7 12.0 30 Jan 1992 10-12
Coleridge 2 a2l Jul 1980 30-70

17 Feb 1982 100.0 70.0

16 Aug 1984 33.3 45.0+ b 16 Aug 1984 50"

21 Aug 1998 33.3 10.4

12 Feb 1999 33.3 11.8

3 Oct 2001 333 38.0
Hauroko 3 8 Mar 1993 50.0 19.0 8 Mar 1993 12-18.5

27 Feb 1997 14.3 14.0

25 Apr 2002 15.4 12.3
Hawea 4 23 Feb 1982 15.4 35.0
Lochnager 5 31 Jan 1992 333 57.0 31 Jan 1992 30-57
Manapouri 6 11 Mar 1993 10.3 11.5 11 Mar 1993 10-11.5

26 Feb 1997 7.1 10.4

24 Apr 2002 6.7 13.6
Monowai 7 9 Mar 1993 34.6 22.0 9 Mar 1993 13.5
Ohau 8 7 Nov 1989 41.7 22.0 7 Nov 1989 10-22
Rotoiti 9 7 May 1984 4.0 22.0
Rotoroa 10 5 May 1984 2.0 22.0 5 May 1984 18-22
Sumner 11 22 May 1987 19.2 32.0 22 May 1987 29-32
Te Anau 12 10 Mar 1993 27.3 17.0 10 Mar 1993 10-17

25 Feb 1997 26.7 14.1

23 Apr 2002 21.4 16.0
Tennyson 13 15 May 1992 40.0 30.0 15 May 1992 20-30
Waikareiti 14 28 Feb 1980 35-50
Wakatipu 15 23 Feb 1982 64.6 60.0

27 Jan 1992 76.7 57.0 27 Jan 1992 11-57
Wanaka 16 a 10 Feb 1980 30-45

22 Feb 1982 23.5 50.0

b 2 Feb 1992 30-47

“Collected by grapnel.
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Fig. 2 Average biomass (g dry weight m?) of deep-wa-
ter bryophytes (stippled bars) and charophytes (open bars)
from various depths at sites in: A, B, Lake Wakatipu; and
C, Lake Wanaka. Error bars are + one standard error of
the mean (n = 3).
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0.001). Using these relationships, average Z. is
predicted to occur at 0.95% of incident PAR and
maximum Z, at 0.23% of incident PAR.

Taxonomic and morphological information

Between 34 and 42 bryophyte taxa (Table 3) were
collected from depths of 210 m (the range depending
on the true identity of doubtful taxa). With the
possible exception of Eurhynchium speciosum, all
taxa are considered native to New Zealand (Fife
1995), with three liverworts of endemic status
(Heteroscyphus  triacanthus,  Symphyogyna
undulata, S. tenuinervis) (Landcare plant name
database). Between 1 and 15 taxa and possibly up
to 18 taxa were recorded per lake, with a median of
4 taxa per lake. The most frequently encountered
taxon was Fissidens rigidulus, recorded in nine of
the sampled lakes. Other commonly encountered
taxa were Fissidens adianthoides and Thamnobryum
pandum.

Uncertainty over the identity of a number of taxa
was because of unusual form and an absence of
diagnostic reproductive structures. No asexual brood
bodies, sexual organs, or sporophytes were observed
in any of the lake samples. A variety of modifications
in morphology were observed in specimens collected
from deep water. In extreme examples identification
was assisted by connection of some shoots to less
extreme forms, or by less extreme forms being
produced in culture. Deep-water specimens of

Table2 Summary values for Z; of deep-water bryophyte assemblages obtained
from lake vegetation surveys and the downward attenuation coefficient for
photosynthetically available radiation (K;) value reported by Schwarz et al.
(2000) together with estimates of K4 calculated during this study.

No. of Max. Z. Average Z

Lake records (m) (m) Ky
Coleridge 6 70.0 29.4 0.16
Hauroko 13 19.0 14.9 0.30
Hawea 2 35.0 32.5 0.14
Lochnager 1 57.0 57.0 0.09"
Manapouri 4 13.6 11.6 0.30
Monowai 7 22.0 16.5 0.30
Ohau 5 22.0 16.1 0.22
Rotoiti 3 22.0 18.7 0.26
Rotoroa 1 22.0 22.0 0.28
Sumner 5 32.0 24.8 0.21*
Te Anau 14 17.0 12.8 0.28
Tennyson 2 30.0 25.0 0.19"
Wakatipu 20 60.0 41.5 0.10
Wanaka 4 50.0 32.0 0.18

“Estimates of K calculated during this study.
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Table3 List of bryophyte taxa collected from deep water (=10 m depth) within the lakes listed in Table 1. Collection
dates a and b as listed in Table 1. (? = identification uncertain. Indicated for taxa are instances of international records
from 210 m depth (Ignatov & Kurbatova 1990) for the same species: 1, or genera: 2, and records from New Zealand

streams (Suren 1996) for the same species: 3, or unable to confirm if same species: 4.)

Family Taxa Lakes (see Table 1)
Class Musci
Amblystegiaceae Amblystegiaceae 4 1
Calliergon richardsonii (Mitt.) Kindb. ex Warnst. ! 13
Campylium polygamum (Bruch & Schimp.) C.E.O.Jensen! 15
2Campylium sp. 2 2a
Drepanocladus aduncus (Hedw.) Warnst. 13 13
Leptodictyum riparium (Hedw.) Warnst. ! 10
Brachytheciaceae ?Brachytheciaceae 2a, b
Eurynchium ?speciosum (Brid.) Jur. 2 16b
Bryaceae Bryum laevigatum Hook.f. & Wilson 23 10, 15
Bryum sp. 2 2a,3,6,12,15
Dicranaceae Campylopus sp. 1
Dicranella sp. 2 2a, 12

Fissidentaceae

Fissidens adianthoides Hedw. !
Fissidens asplenioides Hedw. 2
Fissidens rigidulus Hook.f. & Wilson 23

3,6,10, 12, 14, 15
3,12

2a,b,3,5,6,11,12, 14,15, 16b

Fissidens sp. 2 15, 16b
Hookeriaceae Achrophyllum dentatum (Hook.f. & Wilson) Vitt & Crosby 3 2a, 5, 8%, 15
Distichophyllum crispulum (Hook.f. & Wils.) Mitt. 3 15
Distichophyllum microcarpum (Hedw.) Mitt. 15
Distichophyllum pulchellum (Miill.Hal.) Mitt. 3 2a, 5, 10, 15, 16b
Distichophyllum rotundifolium (Hook.f. & Wilson) 16b
C.Muell. & Broth.
Hypnodendraceae ~ Hypnodendron marginatum (Hook.f. & Wilson) A.Jaeger 3,7,9%,10, 12
Hypnodendron ?spininervium (Hook.) Jaeg. 4 2a, 12, 15, 16b
Mniaceae Plagiomnium novae-zealandiae (Colenso) T.J.Kop. 3 2a, b, 16b
Neckeraceae Pendulothecium punctatum (Hook.f. & Wilson) Enroth & He 3 11, 15, 16b
Thamnobryum pandum (Hook.f. & Wilson) 1.G.Stone & 1, 3,7, 10, 14, 16b
G.AM.Scott .3
Racopilaceae Racopilium sp. 15, 16b
Thuidiaceae Thuidium furfurosum (Hook.f. & Wilson) Reichardt 2,3 10, 15, 16a, b
Thuidium laeviusculum (Mitt.) Jaeg. 23 3, 16b
Thuidium sp. 2 2a, 15, 16b
Class Hepaticae
Aneuraceae Riccardia bipinnatifida (Colenso) Hewson 15
Riccardia eriocaula (Hook.) Besch. & C. Massal. 5"
Riccardia sp. 4 2a*, 10"
Geocalycaceae Heteroscyphus triacanthus (Hook.f. & Taylor) Schiffn. 7,15, 16b
Chiloscyphus novae-zeelandiae (Lehm. & Lindenb.) 2a"
J.J.Engel & R.M.Schust. 2
Lepidoziaceae Lepidoziaceae 16a
Marchantiaceae Marchantia foliacea Mitt. 5
Metzgeriaceae Metzgeria ?decipiens (C. Massal.) Schiffn. & Gottsche 3 10*
Pallaviciniaceae Symphyogyna tenuinervis (Hook.f. & Taylor) Grolle 3 15, 16b
Symphyogyna undulata Colenso 2a" %
Plagiochilaceae Plagiochila fruticella (Hook.f. & Taylor) Hook.f. & Taylor 3 3,7
Plagiochila retrospectans (Nees) Nees 3 3

*Specimens not re-located for this study.
TExisting herbarium specimen (CHR; Landcare Research Allan Herbarium).
Possibly Pallavicinia lyellii (Hook.) Gray. (E. O. Campbell pers. comm.).
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requirements (Schwarz et al. 2000). Similarly,
previous relationships established between Z. and
water clarity measures suggest that bryophytes are
able to grow more deeply within highly transparent
lakes than other plant groups (Chambers & Kalff
1985; Middleboe & Markager 1997). Non-vascular
plants such as bryophytes (and charophytes) may
have a lower light requirement than vascular
submerged plants because they do not need to
produce and maintain tissues such as those found in
roots and rhizomes which include living, but non-
photosynthetic, cells. Bryophyte losses to respiration

are reduced to a minimum, and this is reflected in
low light compensation points (Glime & Vitt 1984).

The external factors limiting plant growth in any
particular habitat can be classified as either
“disturbance factors” or “stress factors” (Grime
1979). One disturbance factor indicated in our
records of the distribution of deep-water bryophytes
is the likely browsing and mechanical damage
caused by large populations of freshwater crayfish
(Paranephrops planifrons White) commonly found
in North Island lakes. In the present study, the only
bryophyte record from a North Island lake (Lake

Table 4 Published records of lakes with bryophytes reported at depths of 10 m or more, together with maximum

depth record.

Max. depth
Lake (Region) Reference (m)
Lake Carlyle (Canada) Hitchin et al. (1984 in: Chambers & Kalff 1985) 10
Lake Huron (United States/Canada) Crum (1976) 10
Moss Lake (Antarctica) Priddle (1979) 10
Lake Nystglsvatn (Norway) Malme (1978) 10
Lake Michigan (United States) Hiltunen (1966) 10.4
Lake Grane Langsg (Denmark) Riis & Sand-Jensen (1997) 10.5
Lake in Linn County (United States) Wynne (1944 in: Mclntire et al. 1994) 10.7
Lake Superior (United States/Canada) Crum (1976) 10.7
Lismore Lochs (Scotland) West (1905 in: Light & Lewis Smith 1976) 12
Loch Einich (Scotland) Light & Lewis Smith (1976) 12
Emerald Lake (Antarctica) Priddle & Dartnall (1978) 12
Loch Balnagowan (Scotland) Spence (1982) 13
Weber Lake (United States) Juday (1934) 13.5
Loch Avon (Scotland) Light & Lewis Smith (1976) 15
Lochan Uaine (Scotland) Light & Lewis Smith (1976) 15
Lake George (United States) Sheldon & Boylen (1977) 15
Un-named (Sweden)” Martensson (1956 in: Ignatov & Kurbatova 1990) 15
Lagos Redo (Spain) Periuelas (1987) 14-16
Lake George (Canada) Hitchin et al. (1984 in: Chambers & Kalff 1985) 18
Crystal lake (United States) Farmer et al. (1988) 18
Un-named (Japan)” Okamura (1914 in: Ignatov & Kurbatova 1990) 19
Char Lake (Canada) Rigler (1972 in: Ignatov & Kurbatova 1990) 20
Loch Coire an Lochain (Scotland) Light & Lewis Smith (1976) 20
Vorderer Finsteraler See (Austria) Perchlaner et al. (1972) 25
Valdaiskoye Lake (USSR) Ignatov & Kurbatova (1990) 29
Lunzer Untersee (Austria) Fuchsig (1924 in: Ignatov & Kurbatova 1990) 15-25
South Georgia Lake(s) (Antarctic)” Light & Heywood (1973) 10-30
Lake Titicaca (Peru) Richards (1984) 29
Lake Vanda (Antarctica) Kaspar et al. (1982) 31

Lake Glubokove (Antarctica)
Lake Latnjajaure (Sweden)
Lake Geneva (Switzerland)
Lake Figurnoye (Antarctica)
Crater Lake (United States)
Lake Tahoe (United States)

Savich-Lyubitskaya & Smirnova (1965 in: Kaspar et al. 1982) 32
Bodin & Nauwerck (1968) 35
Schnetzler (1885 in: Light & Lewis Smith 1976) 65f
Korotkevich (1972 in: Kaspar et al. 1982) 80
Mclntire et al. (1994) 120
Franz & Cordone (1967) 124.5%

“Number of lakes unknown.

fSubsequent decreases in water clarity (Goldman 1981; Balvay et al. 1990) are predicted to have reduced depth

records.
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Wakareiti) was restricted to occasional plants on the
sides of large overhanging boulders that were
inaccessible to crayfish. Although other lakes in the
North Island (e.g., Waikaremoana, Taupo, Rotoma)
have high water clarity comparable to South Island
lakes in this study (Schwarz et al. 2000), deep-water
bryophytes are absent. Similarly, Coffey & Clayton
(1988) noted a less than predicted (based on water
clarity) maximum depth of charophytes in Lake
Taupo, and also established that charophyte and
bryophyte transplants could grow beyond Z. only
where they were protected from crayfish access. In
addition, in the present study bryophytes were absent
at deep-lake sites where disturbance factors in the
form of unstable sediments or water currents were
apparent.

Biotic and physical disturbance factors clearly
affect the presence and distribution of deep-water
bryophytes in New Zealand. On the other hand, the
key environmental stress factor affecting deep-water
bryophyte communities in undisturbed lakes is
extremely low light levels at the maximum depth of
plant growth (Table 2, Fig. 3). Thus, in the
terminology of Grime (1979), the deep-water
bryophytes are “‘stress-tolerators”, occupying sites of
high stress and low disturbance. They, alone among
macrophytes, occupy the deepest zone of benthic
vegetation. There is a necessity for continuously
submerged plants to undertake gaseous exchange
through water-saturated shoot surfaces, where
diffusion path lengths in static water (as opposed to
moving water or air) for dissolved gases limit
nutrition and create an additional stress. Both of
these stress factors, low light and water saturation,
may be present in dark, damp, terrestrial sites. Thus
bryophyte taxa normally regarded as “terrestrial”, are
also able to successfully exploit the deep-water
habitat. The fact that they are regarded primarily as
terrestrial may merely be a reflection of the
prevalence of that habitat and the more extensive
survey work that has occurred within it.

The deep-water bryophyte assemblage in New
Zealand lakes was relatively diverse. For example,
at least 5—11 taxa were recorded in the clearest New
Zealand lakes (Z. 250 m). These exceed records of
single taxa in Lakes Geneva, Figurnoye, and Crater
Lake and are similar to the 11-12 taxa recorded in
Lake Tahoe (Franz & Cordone 1967).

A number of the bryophytes recorded from deep-
lake sites in the present study are commonly found
in non-aquatic habitats (Beever et al. 1992; J.
Braggins pers. comm. 2003). Similar observations
have been made elsewhere (Light & Lewis Smith
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1976; Ignatov & Kurbatova 1990). The latter authors
state that “nearly half of all deep-water species are
not really aquatic”. In contrast we would contend that
many bryophyte species are highly versatile in their
adaptation to extreme habitat environments with
adjustment to permanent immersion and low light
conditions being rather another example of their
adaptability.

Hypnodendron marginatum, F. rigidulus, and F.
adianthoides, as well as members of the family
Amblystegiaceae, are aquatic mosses, but even these
are often to be found in seepages or paludal sites,
with upper parts of their shoots emergent. Another
group of taxa are routinely found in terrestrial sites,
such as flood-prone stream banks or on soil banks
in forest, where they can apparently withstand
intermittent drying out. Examples include the
members of the Hookeriaceae: Achrophyllum
dentatum, Distichophyllum microcarpum, D.
pulchellum, D. crispulum, and D. rotundifolium.
Pendulothecium punctatum is commonly found on
exposed tree roots on the forest floor, where the
predominant source of moisture is humid air. Yet
another group of deep-water mosses recorded here
are commonly encountered, and grow vigorously, in
relatively dry sites with high illumination.
Racopilum sp., T. furfurosum, and Fissidens
asplenioides fall into this category, with the latter
two species being very common in exposed sites on
roadside banks throughout New Zealand. F.
asplenioides is particularly wide in its range of
successfully exploited habitats occurring in coastal
seepages, in the splash zone of waterfalls, on
intermittently flooded stream banks, as well as on
relatively dry roadside banks (Beever & Stone 1998).
In an extensive survey of mosses submerged or
continuously wetted by splash, in 118 South Island
streams, Suren (1996) recorded 83 bryophyte taxa.
As in the present study, F. rigidulus was the most
commonly collected taxon. At least 15 of the stream
bryophyte species recorded by Suren (1996) are here
recorded from deep-water sites (Table 3). Thus it is
evident that many bryophyte taxa are highly catholic
in the sites they are able to exploit.

Many bryophyte taxa have a wide geographic
range (Tan & Pé6cs 2001). Eleven of the bryophyte
genera and five of the species recorded in this study
have been collected from =10 m depth within lakes
of other countries (Table 3, Ignatov & Kurbatova
1990).

Average maximum bryophyte biomass in three
New Zealand lakes ranged from 13 to 119 g DW m?,
which was lower than the average maximum of
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183 ¢ DW m? that was reported from 25-30 m depth
in a Swedish lake (Bodin & Nauwerck 1968).
Biomass production by bryophytes at depth in cold,
light-limited lakes could be slow, with evidence that
biomass accumulation occurs over a number of years
because of a long life-span and lack of decay (e.g.,
Priddle 1979). However, other studies have shown
bryophyte capacity for relatively rapid growth (7—
27 mg DW shoot™! year!) and a short tissue lifespan
(1.25-1.38 years) at depths of 10 m (Riis & Sand-
Jensen 1997). The production rate of deep-water
bryophytes in New Zealand lakes is not known.

Extreme modification of bryophyte morphology
in aquatic habitats has been reported elsewhere
(Dixon 1929; Persson 1942; Dickson 1973; Priddle
1979), occurring even to the extent that taxa may be
unrecognisable. In describing the dendroid “umbrella
moss”, H. marginatum, Dixon (1929) commented that
“the aquatic forms which occasionally occur are very
remarkable in habit, being non-dendroid, soft and
flaccid, sometimes with the leaves very flattened and
bifarious, which has led to their appearing in herbaria
as  “Fissidens””. Likewise, Hypnodendron
spininervium may lose its umbrella-like form when
submerged (Beever et al. 1992).

Plants which are stress-tolerant, whether they be
bryophytes, herbs, shrubs, or trees, are often
characterised by small or needle-like leaves (Grime
et al. 1990). Bryophytes are noted for phenotypic
plasticity (Mishler 2001) so that different morpho-
logical forms of the same taxon may be produced
under different environmental conditions. The
microphyllous shoots we have observed in
bryophytes from deep-water sites are similar to those
growing at 6 m lake depth (Priddle 1979) or from
mosses cultured in a moisture-saturated environment
under conditions of darkness (Leach 1930). Their
vestigial leaves are reminiscent of “juvenile leaves”,
which are produced in the early stages of normal
shoot development in mosses (Mishler 1988). Such
leaves are often present as reduced scale-like leaves
on the base of innovative shoots. These give way to
“mature leaves” further up the stem, as the shoot
develops. It may be that in the extreme environ-
mental conditions of the deep-water habitat, the
normal ontogenetic triggers which would lead to the
production of the mature form leaf, at the shoot apex,
are not always activated, or are activated in an
atypical pattern. The filamentous shoot form may
thus reflect an extended juvenile state. A lack of
sexual reproductive structures, observed in the
present study, has been noted elsewhere (Kaspar et
al. 1982; Richards 1984), and compounds difficulties
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of identification. In view of the plasticity of form
expressed in the deep-water environment there are
unlikely to be any previously undescribed species
amongst the undetermined taxa.

The original source of deep-water bryophytes
would be from the catchment, with “terrestrial”
species introduced with fallen trees or washouts or
“aquatic” species entering with stream inflows. The
survival of bryophytes introduced to the deep-water
environment is suggested to be unpredictable, which
accounts for the occasional nature of occurrence of
many taxa (Ignatov & Kurbatova 1990). However,
some taxa commonly found in aquatic habitats were
widespread and often dominant in the deep-water
assemblage, e.g., F. rigidulus, which was the most
frequently recorded species both in this deep-water
study and in the streams studied by Suren (1996).
Interestingly, it was apparent that there was a depth
zonation to the composition of the deep-water
assemblage in Lakes Coleridge, Wakatipu, and
Wanaka (Clayton 1983a; de Winton et al. 1993; this
paper) that suggests that more than chance structures
this assemblage.

New Zealand lakes have a relatively frequent
occurrence of deep-water bryophytes, particularly in
the deep, unproductive lakes of the South Island.
This occurrence is primarily linked to high water
clarity, which enables bryophytes to penetrate deeper
than other plant competitors. Such populations of
deep-water bryophytes are not only rare globally but
they are particularly vulnerable to worldwide
increases in eutrophication and declining water
clarity. Careful catchment management and
protection measures will be necessary to preserve
this element of New Zealand’s submerged flora.
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