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Abstract Bryophytes exhibit a decline in species richness

with latitude across the sub-Antarctic islands, Antarctic

Peninsula and Antarctic continent, but not within the Ant-

arctic continent itself. We analyzed diversity and biogeo-

graphic patterns of bryophytes at intra-regional scale across

the Ross Sector of continental Antarctica, also comparing

the ‘‘coast’’ and ‘‘slope’’ provinces within this region, and

placed these patterns in the context of bryophyte biogeog-

raphy across Antarctica. Our study area included 63 sites

along a transect through Victoria Land and the Transant-

arctic Mountains. Distributions of bryophyte species were

collated from recent field surveys, the Antarctic Plant

Database and the literature. Data analyses included rare-

faction, hierarchical classification, multivariate analyses and

description of richness trends by latitude bands. Despite an

almost linear climatic gradient, bryophyte diversity in the

Ross Sector is not influenced by latitude, and patterns differ

depending on the scale of analysis. At local scale, diversity

‘‘hot spots’’ appear to be related to favorable local micro-

climatic conditions. At intra-regional scale, site location in

the coast or slope province is the most effective predictor of

bryophyte diversity. The site clustering within each province

is consistent with precipitation and biogeographic separa-

tion of two sub-regions due to important dispersal barriers,

as also reported for the microarthropod fauna. At continental

scale, bryophyte diversity patterns among sectors suggest a

continent–Antarctic Peninsula separation, consistent with

the Gressitt Line, suggesting a common feature in the evo-

lutionary history of the vegetation and invertebrate fauna.

The high similarities of the floras of adjacent continental

sectors suggest a potential route for bryophyte dispersal

along the coast of continental Antarctica.

Keywords Antarctica � Mosses � Biogeography �
Evolution � Colonization � Environmental gradients �
Gressitt Line

Introduction

Poleward declines in species richness remain among the

most widespread macro-ecological patterns described,

although with stronger supporting evidence at regional than

at local scale (Hillebrand 2004; Mittelbach et al. 2007).

The origins and drivers of the latitudinal diversity gradient

are debated (e.g., Mittelbach et al. 2007). Local and

regional processes may critically affect the dynamics of

latitudinal diversity gradients, due to species-specific and

habitat-specific responses to the impacts of climate change

and anthropogenic land use (e.g., Frank et al. 2007). Across

most of the planet, with the exception of Antarctica, direct
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and appreciable human impacts are pervasive. Therefore,

this remote continent provides the opportunity to assess

diversity trends and patterns over a large area where spe-

cies dynamics are influenced predominantly by natural

processes.

The relationships between latitude and potential drivers

of diversity have received significant attention for vascular

plants (e.g., Qian and Ricklefs 2007; Rozzi et al. 2008 and

references therein), while only a few studies have focused

on bryophytes, and these either do not extend to or do not

consider high latitudes in detail (Shaw et al. 2005; Rozzi

et al. 2008). Terrestrial vegetation communities in Ant-

arctica are predominantly composed of cryptogams (bryo-

phytes and lichens). The greatest diversity of bryophytes is

found on the Antarctic Peninsula (Peat et al. 2007; Ochyra

et al. 2008). At a global scale, bryophytes do not show

clear gradients with latitude, with the highest diversity

levels being measured in the Southern Hemisphere and

only intermediate levels present at tropical latitudes (Shaw

et al. 2005). Along a 25� latitudinal gradient in Chile,

Rozzi et al. (2008) demonstrated that bryophyte species

richness was inversely related to latitude, reaching a

maximum of about 800 species in the Magellan ecoregion

(around 52�S). Beyond the region addressed by that study,

there is a clear decline in bryophyte species richness from

the Magellan ecoregion to Antarctica, where diversity

declines to 111–115 species on the Antarctic Peninsula and

Scotia arc (60–72�S) and to only 24–27 species on the

Antarctic continent (south of 67�S) (Peat et al. 2007;

Ochyra et al. 2008). Thus, a large-scale decline in species

richness with latitude is clear for bryophytes when com-

paring the southern elements of South America, Africa and

Australia with Antarctica, and this pattern is clear also at

regional scale, considering the sub-Antarctic islands, Ant-

arctic Peninsula and Antarctic continent separately (Peat

et al. 2007; Ochyra et al. 2008).

Due to the continent’s long-term isolation and extreme

climatic conditions, Antarctic terrestrial ecosystems include

some of the simplest communities known. Even within this

region, there are relatively few examples where extended

latitudinal and environmental gradients can be hypothesized

to coincide (Balks et al. 2006; Peat et al. 2007; Howard-

Williams et al. 2010). Within the Antarctic continent, the

Victoria Land (VL) coastline with the Ross Sea, and its

southwards extension through the Transantarctic Mountains

(all within the geographic Ross Sector), potentially provide

one such example and ideal conditions to assess the exis-

tence and the potential drivers of latitude-related gradients.

Peat et al. (2007) completed a continent-wide analysis of

patterns of cryptogam diversity across the Antarctica, based

on data from documented herbarium specimens and the

literature, and confirmed a large-scale decrease in diversity

with increasing latitude for the Antarctic Peninsula, with a

much stronger trend apparent for lichens than for mosses. In

VL (represented by a transect from the Queen Maud Range

in the Transantarctic Mountains to Mount Gordon), no

evidence of latitudinal gradients in either group has been

identified, despite a relatively large amount of survey data

across a range of sampling locations (Adams et al. 2006;

Peat et al. 2007). Moreover, Green et al. (2011) report the

existence of a ‘‘hot spot’’ of cryptogam diversity at an

extreme southern location (Beardmore Glacier, 84�S) in the

Transantarctic Mountains which could indicate a refugial

location pre-dating the present Ross Ice Shelf extension.

However, previous studies have not attempted detailed

analyses of intra-regional diversity patterns along this lati-

tudinal transect.

In the current study, we analyze patterns of bryophyte

species richness along a south–north latitudinal transect

from the Queen Maud Range (84�S, Transantarctic

Mountains) to the northern part of VL (70�S). As only one

liverwort species (Cephaloziella varians) occurs in conti-

nental Antarctica, in this paper we focused on mosses,

because these are the only abundant and diverse bryophytes

represented.

We aimed to:

(a) Identify, at intra-regional-scale, diversity and biogeo-

graphic patterns of bryophytes both across the entire

Ross Sector and through separately comparing the

‘‘coast’’ and ‘‘slope’’ biogeographic provinces of the

continental Antarctica within this sector (sensu Och-

yra et al. 2008) and

(b) place these patterns in the context of bryophyte

biogeography across Antarctica, including consider-

ation of their potential mechanisms of colonization.

Materials and methods

Study area

The study area is located in the Ross Sector of eastern

continental Antarctica, within which cryptogam distribu-

tional data were obtained from 63 sites located between

84.62�S and 70.02�S (Fig. 1; additional data given in

Online Resource 1). Within this region, the sites were

classified into two recognized provinces of the continental

Antarctic biogeographic zone (sensu Ochyra et al. 2008):

the coastal province (including 47 sampling locations from

southern to northern Victoria Land) and the slope province

(16 locations from the Queen Maud Range to northern

Victoria Land). These sites include all available locations

where vegetation has been sampled and described in the

Ross Sector. Inevitably, in this region, access to sampling

locations is severely constrained by logistic opportunities
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and the typical harsh operating conditions. All sites are

isolated by water or permanent ice and are also geo-

graphically remote from each other, reducing any problems

of spatial auto-correlation and pseudo-replication, as the

minimum distance between neighboring sites was 3 km

and, in most cases, [10 km. At most study locations

([95 %), a full floristic inventory was available (with a

mean investigated area C1 km2). In the remaining cases,

the sample location represents the coordinates of single

herbarium specimens.

The macroscopic vegetation of VL is exclusively com-

posed of cryptogams (Adams et al. 2006). At a regional

scale, this flora is reasonably well known (APD reference

database; Cannone 2006; Cannone and Seppelt 2009;

Seppelt et al. 2010; Green et al. 2011). The total number of

bryophyte species recorded in the continental Antarctica is

24 (23 species and 1 variety), with 14 (13 species and 1

variety) of these recorded in the Ross Sector (Ochyra et al.

2008). Due to particular difficulties with the taxonomic

identity of the ‘‘silver’’ Bryum group (Hills et al. 2010), we

refer all materials here to Bryum argenteum.

The climate of the continental Antarctica is extremely

harsh, with a gradient of decreasing temperatures and

increasing aridity from the coast to the slope provinces.

The coastal province is characterized by mean annual air

temperature of c. -12 to -15 �C (northern VL) and c. -17

to -20 �C (southern VL) (Ochyra et al. 2008) and a snow

precipitation gradient from 100 to 300 mm/year (Monaghan

et al. 2006). In the slope province, the climate is extremely

cold and arid, with mean air temperature ranging from -20

to -30 �C in the McMurdo Dry Valleys area and from -35

to -50 �C in the southern Transantarctic Mountains

Fig. 1 a Location of the study area; b study site locations in the Ross

Sector; c areas of the Ross Sector with different levels of snow

precipitation (accumulation 1955–2004, mm/year, redrawn from

Monaghan et al. 2006) in relation to site clustering along the coast

(ellipses with gray bars) and slope provinces (ellipses with black
bars). Legend: A precipitation [200 mm/year, B precipitation

100–200 mm/year, C precipitation 50–100 mm/year, D precipitation

25–50 mm/year
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(Ochyra et al. 2008) and snow precipitation less than

100–200 mm/year (Monaghan et al. 2006). Permafrost is

continuous with an overlying active layer (maximum

summer thawing depth) of variable depth though generally

\1 m (Guglielmin 2006; Adlam et al. 2010).

The first continental-scale ice sheets formed on Ant-

arctica around 34 Ma (e.g., Strand et al. 2003; Sugden and

Denton 2004; Barker et al. 2007). The pulsating nature and

the warm-based conditions of the East Antarctic Ice Sheet

(EAIS) are well known and documented between 33–34

and 14 Ma (e.g., Troedson and Smellie 2002). Despite

episodes of extensive ice cover, at least some terrestrial

habitat must have remained exposed throughout this period

as coastal areas with vegetation ranging from low wood-

land (Nothofagus) to permafrost tundra persisted at least

until the sharp Mid-Miocene cooling (e.g., Lewis et al.

2008). After this strong cooling event, the largest remain-

ing ice-free areas (e.g., McMurdo Dry Valleys) experi-

enced very limited landscape changes. After the Last

Glacial Maximum (LGM, occurred in the Ross Sector

between 18 and 27 ky BP, e.g., Ingolfsson et al. 1998),

coastal areas deglaciated progressively from north to south,

reaching approximately the contemporary state around

6 ky BP (e.g., Hall et al. 2004).

Methods

To describe climatic gradients across the latitudinal tran-

sect, we utilized data from all the available automatic

weather stations (AWS) located in the coastal region of VL

(from 83.1�S to 71.9�S, at elevations between 5 and 310 m

a.s.l.), providing continuous year-round air temperature

records (SCAR READER Project www.antarctica.ac.uk/

met/READER/climate.html, and PNRA database www.

climantartide.it). For each AWS, we computed for the year

2002 the mean annual (MAAT) and seasonal air tempera-

tures (summer, T_DJF; fall, T_MAM; winter, T_JJA;

spring, T_SON). Due to the well-known difficulties in

measuring precipitation in Antarctica and the lack of

available data, our analysis was limited to air temperature

data. Regional trends of precipitation (snow accumulation)

are derived from existing literature (e.g., Monaghan et al.

2006).

Data on bryophyte species occurrence at each site in this

region were obtained from recent field surveys (Cannone

2006; Cannone and Seppelt 2009; Cannone unpublished

data), documented herbarium specimens (British Antarctic

Survey Herbarium database, http://www.antarctica.ac.uk/

bas_research/data/collections/plant.php), Antarctic Plant

Database (APD: http://www.antarctica.ac.uk/Resources/

BSD/PlantDatabase/index.html) and additional recent lit-

erature (see APD; Ochyra et al. 2008; Seppelt et al. 2010;

Green et al. 2011). This generated 47 locations from the

coastal and 16 locations from the slope provinces. As there

is much taxonomic uncertainty in the identification of the

two varieties of B. argenteum (see Hills et al. 2010), we

considered it as a single species for the purposes of this

study. All records of Grimmia reflexidens Mull. Hal. were

referred to Coscinodon reflexidens (Mull. Hal.) Ochyra

comb. nov. (Ochyra 2004).

Data analyses

The influence of latitude on the mean annual and seasonal

air temperatures (as a proxy for the main climatic condi-

tions across the transect) was assessed by linear regression

performed by the software Statistica�.

Distribution patterns of bryophyte species were exam-

ined using incidence data (presence/absence) at different

spatial scales: (a) local scale (considering the total species

diversity at each study site); (b) intra-regional scale

(comparing the coast and slope provinces within the Ross

Sector); (c) regional scale (considering the entire Ross

Sector); and (d) continental scale (comparing the different

geographic sectors of Antarctica; after Ochyra et al. 2008).

To assess the sufficiency of sampling effort, we ana-

lyzed the relationship between the number of sampling

locations and the number of species recorded (rarefaction

curves, after Peat et al. (2007)) (a) for the coastal province,

(b) for the slope province and (c) for the whole study area.

The rarefaction curves were computed using the software

EstimateS� using sample-based rarefaction curves with

95 % confidence intervals.

The distribution patterns and characteristics of the

bryophyte flora of the Ross Sector were analyzed by means

of hierarchical classification (dendrogram, carried out

using weighted averages among groups, using Manhattan

distances, without data transformation prior to analysis,

and performed by the software Statistica�), integrated by

multivariate statistics (PCA, providing indirect ecological

information). For PCA, we excluded species records

associated with sites of geothermal activity, as these are

linked to particular ecological conditions and are not rep-

resentative of either the Ross Sector or the continental

Antarctica. We also performed DCA (detrended corre-

spondence analysis, again providing indirect ecological

information) on the same dataset. As the results provided

by DCA were less clear than those from PCA, we present

only the latter here. Analyses of the relationships between

bryophyte occurrence and environmental factors (location

in the coast vs. slope province, latitude and elevation) were

performed using redundancy analysis (RDA). For the

RDA, we used only the most widespread species (only the

species occurring in at least 10 % of the sampling sites,

Cannone et al. 2004) among the coast and slope provinces
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to avoid potential artefacts due to rare species occurrence.

Both PCA and RDA (and DCA) were performed using the

software CANOCO (Ter Braak and Smilauer 1998).

For practical logistic reasons, sampling intensity was not

constant across latitude, as the areas located between 77�S

and 74�S, more accessible from research stations, con-

tained a larger number of sampling sites with respect to all

the other latitude bands. We found no evidence that the

more intensive study of these sites influenced the patterns

found (data not shown).

The richness trends of bryophyte species and higher taxa

(genus, family, order) were computed by latitude bands

(following Peat et al. 2007) for (a) the Ross Sector, (b) the

coast province and (c) the slope province. We also com-

pared species biogeography (following the biogeographic

elements recognized by Ochyra et al. 2008) between the

coast and slope provinces.

The similarity of the bryophyte floristic composition

was quantified using the Jaccard similarity index applied

across (a) the latitude bands of the Ross Sector and (b) all

the standard but arbitrary geographic sectors of Antarctica.

Results

Abiotic factors and latitude

Mean annual air temperature showed a statistically signif-

icant decreasing trend with increasing latitude (r2 = 0.77,

b = -1.21, p \ 0.01, equating to a decrease of 1.2 �C/

latitude), as did seasonal mean air temperatures, with the

steepest gradients in winter (r2 = 0.77, b = -1.73,

p \ 0.01) and autumn (r2 = 0.75, b = -1.26, p \ 0.01)

over spring (r2 = 0.76, b = -1.00, p \ 0.01) and summer

(r2 = 0.58, b = -0.81, p \ 0.01), confirming the exis-

tence of a latitude-driven climate gradient across the study

transect.

Bryophyte patterns

A total of 18 bryophyte species were recorded in the Ross

Sector, with 17 species occurring in the coast province

(Online Resource 2), 10 in the slope province (Online

Resource 3) and 8 species common between the two

provinces. Rarefaction curves confirmed that the sampling

effort was sufficient in the coast province, slope province

and whole Ross Sector (Fig. 2), allowing further analyses.

Intra-regional distribution patterns

For the entire Ross Sector, at the local scale, the hierar-

chical classification (Fig. 3) identified two main branches:

(a) a branch including sites mostly located at 77�S (with

only one site at 72�S and one at 76�S), where the bryophyte

flora was dominated by a high frequency of B. argenteum

(100 %) and Bryum pseudotriquetrum (87.5 %), along

with Hennediella heimii (75 %), Syntrichia sarconeurum

(62.5 %) and Didymodon brachyphyllus (44 %); b) a

branch including sites again dominated by a high frequency

of B. argenteum (63 %), occurring with S. sarconeurum

(56 %), Schistidium antartici (32 %), Ceratodon purpureus

(30 %) and S. magellanica (22 %), and with the compan-

ion species Coscinodon lawianus, Grimmia plapodia,

Fig. 2 Rarefaction curves computed separately for a the coastal

province; b the slope province; c the whole Ross Sector
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Orthogrimmia sessitana and Bryum archangelicum. The

latter branch included sites characterized by lowest diver-

sity (with only one or two species) and also included the

two geothermally influenced sites (Mt. Melbourne and

Mt. Rittmann), providing the only records of Campylopus

pyriformis and Pohlia nutans. As these two species are

representative of particular and unusual ecological condi-

tions and not of the main environmental gradients of

Antarctica, they were excluded from further analyses. The

dendrogram shows that the sites were classified based on

their floristic composition, rather than by latitude.

PCA demonstrated that the study sites were located along

a gradient of species richness, with the less diverse sites (\3

species) toward the left and the richer (C4 species) toward

the right of the ordination, and clustered on the basis of their

floristic composition, rather than latitude (Fig. 4). The first

two axes explained 45.1 % of the species cumulative vari-

ance. In particular, the upper part of the ordination included

a cluster with B. argenteum, B. pseudotriquetrum, H. heimii

and Didymodon brachyphyllus, while the species Syntrichia

magellanica, S. sarconeurum, Ceratodon purpureus and

Schistidium antarctici clustered in the lower part of the

ordination. Both classification and ordination showed that

sites in the slope province generally exhibited lower species

diversity (mean of 2 species for each site and a total of 10

species) than those of the coast province (mean of 3.8

species and a total of 17 species).

The RDA analysis (with the first two axes explaining the

85.9 % of cumulative variance in species–environment

relations) again demonstrated that sample location (coast

vs. slope province) was more effective than latitude or

elevation in classifying both species and sites (Fig. 5). The

cluster of coastal sites was characterized by the occurrence

of Syntrichia magellanica, a species exclusive to the coast

province, and by a high frequency of species distributed

between 70�S and 78�S (B. argenteum, H. heimii, Dydim-

odon brachyphyllus). The coastal sites were aligned fol-

lowing latitude and could be further grouped into two sub-

clusters, one including sites mainly located between 70�S

and 75�S (northern coastal sub-cluster) and a second group

including only sites located between 76�S and 78�S

(southern coastal sub-cluster). There was a correspondence
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Fig. 3 Hierarchical classification by dendrogram of the bryophyte

communities of 63 sites of the Ross Sector. Legend for site acronyms:

FP Finger Point, KP Kar Plateau, TV Taylor Valley, CH Cape Hallett,

Gneiss Gneiss Point, BotB Botany Bay, BlueG Blue Glacier, CR Cape

Ross, DI Dunlop Island, Turk Turk’s Head, MCM McMurdo, Armt
Armitage Glacier, MP Marble Point, FL Finger Point/the Flatiron,

Fryx Fryxell Lake, Hoobs Hobbs Glacier, CK Cape King, HP Harrow

Peaks, GO Gondwana, Adare Cape Adare, SN Starr Nunatak, CS
Cape Sastrugi, CC Crater Cirque, AI Apostrophe Island, PI Prior

Island, CratH Crater Hill/Hut Point, EP Edmonson Point, GI Gregory

Island, Kyff Mount Kyffin, Brat Bratina Island, Bird Bird Island, Bern

Cape Bernacchi, Miers Miers Valley, RennG Rennick Glacier, BeafI
Beaufort Island, GC Commonwealth Glacier, Dail Dailey Island, SC
Simpson Crags, Patter Mount Patterson, Mmelb. Mount Melbourne,

Rittm Mount Rittmann, Kukri Kukri Hills, Delta Delta Bluff, Mgord
Mount Gordon, Harc Mount Harcourt, Penny Lake Penny, CommRan
Commonwealth Range, Mbrown Mount Browning, BC Boulderclay,

CP Cape Phillips, II Inexpressible Island, LI Lamplugh Island, Engl
Mount England, Croz. Cape Crozet, Royd Cape Royd, TF Tarn Flat,

Suess Mount Suess, McK Cape McKay, CastR Castle Ridge, Terror
Mount Terror, BraGla Barrett Glacier
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between site clustering, floristic composition and domi-

nance (higher frequency of Syntrichia magellanica in the

northern coastal cluster and of H. heimii and D. brachy-

phyllus in the southern coastal cluster). However, there was

no clear relationship between site clustering and bryophyte

diversity as, within each cluster, site diversity varied

widely.

Intra-regional and regional diversity patterns

Bryophyte diversity at the local scale was not related to

latitude. The highest species number was recorded at 74�S

(Harrow Peak), and the richer sites mainly occurred

between 72�S (Cape Hallett) and 77�S (several sites)

(Fig. 6). In most cases, the richest sites exhibited similar

floristic composition, as confirmed also by the Jaccard

similarity index (data not shown), independent of their

location across the latitudinal transect.

No latitudinal diversity relationship was apparent at

either regional or intra-regional scale (coast vs. slope

province). Rather, a bimodal distribution was apparent,

although with different patterns seen when comparing the

entire Ross Sector with the coast and slope provinces, as

confirmed by the diversity analysis by latitude bands

(Fig. 7). The coast province exhibited the highest diver-

sity at 77�S and a second lower peak at 74�S, with two

site clusters (northern coastal sites at 70–75�S and

southern coastal sites at 76–78�S), as also seen in the

floristic composition (Fig. 3, 4). The slope province

showed the highest diversity at 77�S and a second lower

peak at 83�S, with two site clusters—the northern slope

sites (74–78�S) and the southern slope sites (83–84�S)

(Figs. 3, 4).

A group of five ubiquitous species was distributed across

the entire transect (70–84�S) (B. pseudotriquetrum, Cera-

todon purpureus, Grimmia plagiopodia, Schistidium ant-

arctici and S. sarconeurum), while Schistidium urnulaceum

occurred only at 83�S. A number of species were not

recorded at latitudes higher than 78�S, with four only

occurring north of 75�S (Coscinodon lawianus, Ortho-

grimmia sessitana, B. archangelicum and B. dichotomum).

Patterns of genus-level occurrence (Table 1) exhibited

trends similar to those seen with species (especially in the

slope province), as in most cases only one or two species

are recorded for each genus, except Bryum which includes

four different species. The higher taxa were constant from

83�S to 72�S and decreased at both ends of the transect

(Table 1).

Intra-regional biogeographic elements

In both slope and coast provinces, the species pool included

four biogeographic elements: (a) Antarctic endemic species

(four in the Ross Sector, with only one species, Coscinodon

lawianus, endemic to continental Antarctica, the other

three occurring also in the maritime Antarctic), (b) species
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Fig. 4 Biplot (species and

sites) showing the results of

PCA of the bryophyte species

and the 62 investigated sites of

the Ross Sector (70�–84�S).

Legend for Species
abbreviations: Bry.arch Bryum
archangelicum, Bry.arg Bryum
argenteum, Bry.pse Bryum
pseudotriquetrum, Cer.pur
Ceratodon purpureus, Cosc.law
Coscinodon lawianus, Cosc.ref
Coscinodon reflexidens,

Dyd.bra Dydimodon
brachyphyllus, Gri.pla Grimmia
plagiopodia, Hen.ant
Hennediella antartica, Hen.hei
Hennediella heimii, Ort.sess
Orthogrimmia sessitana,

Schi.ant Schistidium antartici,
Schi.urn Schistidium
urnulaceum, Syn.mag Syntrichia
magellanica, Syn.sar Syntrichia
sarconeurum. For site

acronyms, please refer to the

legend of Fig. 2
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restricted to the Southern Hemisphere, (c) bipolar species

and (d) cosmopolitan species (Table 2). Within each ele-

ment, there was no trend with latitude in either the slope or

the coastal province.

Bryophyte diversity and biogeography at continental

scale

We extended our analyses at continental scale including the

recognized geographic sectors of the Antarctic continent.

Fig. 5 Triplot showing the

results of redundancy analysis

(RDA) carried out using 9

bryophyte species, 63 sites and

4 environmental descriptors for

the Ross Sector. For species and

site acronyms, refer to the

legend of Fig. 4. Environmental
descriptors: Coast coastal

province, Slope slope province,

Elevat elevation, Latit latitude

Fig. 6 Bryophyte diversity at the site level (63 sites) across the

investigated transect from Barrett Glacier (84�S) to Mount Gordon

(70�S) in the Ross Sector

Fig. 7 Bryophyte species richness by latitude bands for the entire

Ross Sector, the coast and the slope provinces
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Species richness showed no clear trend across the different

continental sectors (Fig. 8). The highest diversity was

recorded in the Ross Sector (18 species) and the lowest in

the Scotia Sector (3 species), although this sector is close to

the Antarctic Peninsula (maritime Antarctic) where bryo-

phyte diversity is much higher (110–115 species). Among

the 24–27 species reported for continental Antarctica, there

is a common pool of species occurring in most sectors

(C. reflexidens, Bryum dichotomum, B. pseudotriquetrum,

H. heimii, Ortogrimmia sessitana, S. sarconeurum). Very

few species occur only in one sector of continental

Antarctica and also in the maritime Antarctic, including

Andreaea gainii and A. regularis (Byrd Sector), B. arch-

angelicum and C. pyriformis (Ross Sector), Dryptodon

fuscoluteus and Funaria hygrometrica (Wilkes Sector),

Plagiothecium cavifolium (Maud Sector), and Pohlia

wilsonii (Enderby Sector).

The Jaccard similarity index computed across the sec-

tors of coastal continental Antarctica (Table 3) indicates

Table 1 Bryophyte diversity at

higher taxonomic level (genus,

family, order and subclass)

across latitude bands

considering (a) the entire Ross

Sector, (b) the coastal province

and (c) the slope province

Latitude (�S) 84 83 82 81 80 79 78 77 76 75 74 73 72 71 70

Ross Sector

Genus 2 5 5 8 7 7 9 6 4 3 4

Family 2 4 4 4 4 4 5 4 4 2 3

Order 2 4 4 4 4 4 4 4 4 2 3

Subclass 2 2 2 2 2 2 2 2 2 2 2

Coastal province

Genus 2 8 7 7 9 5 7 3 4

Family 2 4 4 4 5 4 4 2 3

Order 2 4 4 4 4 4 4 2 3

Subclass 2 2 2 2 2 2 2 1 2

Slope province

Genus 2 4 3 7 2 1 1

Family 2 4 3 4 2 1 1

Order 2 4 3 4 2 1 1

Subclass 2 2 2 2 2 1 1

Table 2 Bryophyte

biogeography at intra-regional

scale across the coastal and the

slope provinces, separating four

biogeographic elements

(Antarctic endemic, Southern

Hemisphere, bipolar,

cosmopolitan) (after Ochyra

et al. 2008)

Latitude (�S) 84 83 82 81 80 79 78 77 76 75 74 73 72 71 70 Total

Coastal province

Endemic 0 3 2 3 4 3 3 2 2 4

Southern Hemisphere 0 0 0 0 0 0 0 0 0 1

Bipolar 1 4 4 2 6 2 2 1 0 5

Cosmopolitan 1 4 3 3 4 3 5 0 3 7

Slope province

Endemic 1 2 1 2 1 0 0 2

Southern Hemisphere 0 1 0 0 0 0 0 1

Bipolar 0 0 0 3 0 0 0 4

Cosmopolitan 1 2 3 3 1 1 1 3

Fig. 8 Bryophyte diversity (total species number) and species

biogeography (using the same four categories adopted for the Ross

Sector, after Ochyra et al. 2008) among the different arbitrary

geographic sectors of the continental Antarctica. Species biogeogra-
phy: BIP bipolar, COSMO cosmopolitan, END Antarctic endemic,

S_HEM Southern Hemisphere
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that the highest similarity occurs between neighboring

sectors (Maud–Enderby, Enderby–Wilkes, Wilkes–Ross,

Ross–Byrd) or among non-neighboring but connected

sectors (Byrd–Wilkes through Ross and Maud–Wilkes

through Enderby). The Scotia Sector shows very low

similarity with all other sectors. Furthermore, the maritime

Antarctic shows low floristic similarity with the various

sectors of continental Antarctica.

Discussion

The Ross Sector provides a unique opportunity to assess

bryophyte diversity patterns along latitudinal and envi-

ronmental gradients in continental Antarctica and to place

these in the context of general climatic, ecological, historic

and biogeographic factors.

Intra-regional and regional floristic and diversity

patterns

Diversity patterns depend on the scale of analysis, because

the mechanisms affecting species richness are scale sensi-

tive (Rahbek 2005), with stronger and steeper gradients at

the regional than at the local scales (Hillebrand 2004).

Within the Ross Sector, we identified several ‘‘hot spots’’

of bryophyte diversity, but no significant relationship with

latitude (Fig. 6). Despite the existence of an almost linear

climatic gradient with latitude, the lack of any associated

pattern in bryophyte diversity is consistent with Peat et al.

(2007). The hot spots identified appear to be related to the

availability of favorable local microclimatic conditions.

Continental Antarctic terrestrial bryophyte communities

are mainly restricted to low-lying areas with adequate free

water (e.g., Wasley et al. 2006). In our study, sites with the

highest diversity were located at different latitudes along

the coastal province and exhibited similar local conditions

relating to aspect (mainly N, NE, E), availability of free

water during the summer and relatively high ground water

content (range 3–30 %; e.g., Cannone et al. 2008). At such

sites, direct bryophyte colonization on moraine or alluvial

deposits is favored by warmer microclimatic conditions due

to sheltered locations and favorable microrelief (Seppelt et al.

2010). Similar trends are also exhibited by soil-inhabiting

springtails in the Ross Sector, with the distribution of each

species being fragmented, reflecting the availability of suit-

able habitat (e.g., Torricelli et al. 2010).

At intra-regional scale, bryophyte diversity is higher

throughout the coast province than in the slope province.

Within each, the sites are divided into two sub-clusters

although this clustering is based on site floristic composi-

tion and not on their overall diversity (Fig. 5). This site

clustering is compatible with the distribution patterns of

individual bryophyte species within the Ross Sector, with

some species recorded between 70 and 78�S and others

between 70 and 75�S. Only one species (Schistidium urn-

ulaceum) is exclusively recorded at the high latitude of

83�S, while the remaining five species occur across the

entire regional transect. This clustering into northern and

southern sites along the coast province is consistent with

the two regions proposed by Adams et al. (2006), based on

biogeographic separation among some biota due to

important dispersal barriers (such as the Darwin Glacier at

79�S and the Drygalsky Ice Tongue at 75�S) (e.g., Stevens

et al. 2006; Demetras et al. 2010). Similar distribution

patterns were described for the microarthropod fauna along

a transect from the Queen Maud Mountains to northern VL,

with a boundary detected at 75�S corresponding with the

Drygalsky Ice Tongue (see Adams et al. 2006). Demetras

et al. (2010) suggested the existence of a major barrier to

mite dispersal located north of Darwin Glacier (79�S),

which could also coincide with the Ross Ice Shelf (78�S).

The barriers we identify for vegetation may not coincide

with physical barriers to dispersal identified for micro-

fauna, but rather with physiologic constraints linked to

water availability. Our site clustering within the Ross

Sector shows considerable overlap with the precipitation

gradient described by Monaghan et al. (2006; referring to

the period 1955–2004), which identified three sub-zones

(Fig. 1), (a) from the Transantarctic Mountains to the inner

Dry Valleys (50–100 mm/year), (b) from the Dry Valleys

to Drygalsky Ice Tongue (100–200 mm/year) and (c)

from north of Drygalsky Ice Tongue to Cape Hallett

(200–300 mm/year).

The bryophyte diversity patterns identified at intra-

regional level may be related to the exposure age of the

substrata, with survival in refugial locations such as nun-

ataks allowing long-term persistence and regional re-col-

onization during inter-glacial periods. Such scenarios have

been proposed for springtails, mites and chironomids in

Table 3 Jaccard similarity index computed for the bryophyte flora of

each geographic sector of continental Antarctica (Byrd, Enderby,

Maud, Ross, Scotia, Wilkes) and for the maritime Antarctic (com-

puted considering only species occurring in the continental Antarctica

and excluding species exclusive to the Antarctic Peninsula and else-

where in the maritime Antarctic)

Byrd Enderby Maud Ross Scotia Wilkes

Enderby 0.263

Maud 0.313 0.533

Ross 0.421 0.381 0.368

Scotia 0.077 0.143 0.182 0.056

Wilkes 0.5 0.444 0.438 0.45 0.226

Maritime

Antarctic

0.2 0.148 0.113 0.226 0.02 0.148
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this region or elsewhere in Antarctica (reviewed by Adams

et al. 2006; Convey et al. 2008), as well as local extinction

of biota during glacial periods, in most cases linked to

EAIS dynamics. The bryophyte diversity peaks at 77�S

(Dry Valleys) in both provinces could be related to the

longer duration of surface exposure available for coloni-

zation and development in this area, estimated to be at least

about 13.85 My (Lewis et al. 2008).

Antarctic diversity and biogeography at continental

scale

At continental scale, the Ross Sector shows the highest

bryophyte diversity (18 species) of all continental sectors.

However, no recorded species are exclusive to this sector,

whose diversity also includes the largest numbers of both

bipolar and Antarctic endemic species (Fig. 8). The higher

diversity of the Ross Sector compared with the other con-

tinental Antarctic sectors is not associated with latitude (the

ice-free areas of this sector extend to the highest latitudes,

and the mean latitude of this sector is greater than that of the

other sectors) or with precipitation (Monaghan et al. 2006).

Another potentially important influence on diversity is

likely to be the available ice-free area. The Ross Sector

includes the largest ice-free area ([21,000 km2), followed

by the Enderby Sector (7,363 km2, 13 bryophyte species).

However, the Scotia Sector is only slightly smaller

(6,314 km2) but includes the lowest recorded bryophyte

diversity (3 species). These figures suggest that while the

available ice-free area may influence diversity levels, it is

not sufficient to explain the observed diversity trends at

the continental scale. Species distribution and the similarity

in floristic composition among sectors (Table 3) empha-

size that the Scotia Sector is the poorest and most distinct

sector, even though it is geographically closest to the

rich Antarctic Peninsula. This may suggest that also bryo-

phytes are influenced by the existence of an important

and ancient barrier, the Gressitt Line, a boundary identified

at the base of the Antarctic Peninsula and indicative

of ancient and different evolutionary origins of elements of

the biota occurring on either side (Chown and Convey

2007).

The relatively high similarities of the bryophyte floras of

adjacent continental sectors (Maud–Enderby, Enderby–

Wilkes, Wilkes–Ross, Ross–Byrd) or connected sectors

(such as Byrd–Wilkes through Ross and Maud–Wilkes

through Enderby) suggest the existence of a potential route

for species dispersal along the coast of continental Ant-

arctica. Further support is provided by very low floristic

similarity between the bryophyte flora of the maritime

Antarctic and most sectors of the continental Antarctica

other than the Ross and Byrd Sectors, which may also

suggest that species dispersal has occurred from the

Antarctic Peninsula westward along the coast of the con-

tinental Antarctica.

The high levels of floristic similarity among non-adja-

cent continental sectors may support the existence of

refugia, from which dispersal could have occurred during

inter-glacial periods. The distribution of the only conti-

nental Antarctic endemic, Coscinodon lawianus (Willis)

Ochyra, is consistent with this hypothesis, occurring in all

sectors except Wilkes and Byrd. While Scotia, Maud and

Enderby are adjacent sectors, Ross is not directly con-

nected through the coast to these sectors, and the only

potential connection is through the isolated ranges and

nunataks between the Scotia Sector, the Transantarctic

Mountains and the Ross Sector.

The Ross Sector exhibits the highest Antarctic endemism

rate (including all four endemic species known from con-

tinental Antarctica) among the continental Antarctic sec-

tors. However, the rate of endemism may not be informative

in reconstructing the evolution of the bryophyte flora in

Antarctica, as bryophytes show atypical patterns of ende-

mism compared to other groups of Antarctic biota (Chown

and Convey 2007; Convey et al. 2009). The Ross Sector

also includes the largest proportion of bipolar species.

Species with highly disjunct distributions may demonstrate

the long-term success of natural dispersal strategies (e.g.,

Barnes et al. 2006), while the occurrence of endemic spe-

cies may indicate in situ evolution (Stevens et al. 2006).

Both overall and site-specific bryophyte diversities

along the Ross Sector transect are considerably lower than

values found anywhere in the Antarctic Peninsula and

associated island archipelagoes (maritime Antarctic)

(Ochyra et al. 2008), despite these two latitudinal transects

being of similar length and geographic extent. Underlying

these inter-regional differences, it is notable that although

the maritime Antarctic shares a similar climatic gradient

(*1.1 �C/latitude), it has much higher MAAT (ranging

from -2 �C at the South Sandwich Islands, 56–60�S, to

-20 �C in the southeastern Antarctic Peninsula) than that

of the Queen Maud Range–Victoria Land transect. Such

large differences in bryophyte species diversity between

the Antarctic Peninsula and continental Antarctica may be

underlain by the climatic differences between these two

regions. However, the greater geographic insulation of the

Antarctic continent may contribute to explaining the dif-

ferences in diversity. The role of geographic isolation is

evident when comparing patterns of bryophyte species

diversity between continental Antarctica, the Antarctic

Peninsula, the wider maritime Antarctic and the sub-Ant-

arctic islands. Among the 246 species recorded in the sub-

Antarctic islands, only 15 occur in continental Antarctica

(these accounting for c. 62 % of the entire flora of conti-

nental Antarctica), 36 in the Antarctic Peninsula and 61 in

the wider maritime Antarctic. The more pronounced
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reduction in bryophyte species diversity in continental

Antarctica could therefore be due to a combination of

historical evolutionary origins (longer geographic isola-

tion) and contemporary ecological conditions (harsher

climate), which are not mutually exclusive.
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