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Abstract

Palaeoecology is increasingly contributing to conservation biology and restoration ecology
by extending the recent annual to decennial records of ecological observations to centen-
nial and millennial time scales. One of the almost neglected potential applications of pal-
aeoecological investigations in conservation biology is the discovering of hidden species
in subrecent fossil records. Such discoveries can be common in biodiversity hotspots in
which the fauna and flora are not still fully known. In this study, we present the case of the
liverwort Riella in continental southwest Asia (Iranian plateau), a very vulnerable taxon
growing and reproducing under very special ecological circumstances. Our study adds two
new species of Riella (R. echinata and R. helicophylla) in addition to the formerly reported
R. cossoniana, to the subfossil bryophyte flora of Iran. We demonstrate the important con-
tribution that the genus has played in the history of wetland flora of the semi-arid to arid
areas of Iran during the late Quaternary. We further demonstrate the possibility that it is
still thriving in many wetland systems and may need to be discovered and then protected in
its potential habitats. We suggest that in the biodiversity hotspots of lower latitudes, more
attention has to be paid to taxonomic identification of species to reveal the hidden part of
the biodiversity for defining better conservation strategies for vulnerable aquatic ecosys-
tems such as the seasonal wetland systems.

Keywords Conservation biology - Seasonal wetlands - Bryophytes - Semi-arid regions -
Southwest asia
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Introduction
Background and objectives

It is becoming increasingly evident that palaeoecology can effectively contribute to con-
servation biology and restoration ecology by providing long-term records of ecological
changes and extending the ecological observations into longer decadal to millennial time
scales (Birks 1993, 2012; Jackson and Hobbs 2009; Willis et al. 2010). There are a num-
ber of ways palaecoecological data can aid the managers to conserve, maintain, and even
restore the biodiversity, ecosystems, and resources (Froyd and Willis 2008; Jackson and
Hobbs 2009; Wingard et al. 2017). Some common examples of palacoecological applica-
tions in biological conservation are to (i) understand biological invasions (Jackson 1997;
Froyd and Willis 2008), (i1) reconstruct biodiversity dynamics and dynamic equilibrium
between extinction, migration, and persistence (Jackson and Overpeck 2000; Froyd and
Willis 2008), and (iii) detect ‘cold-stage refugia’ or ‘glacial refugia’ as well as ‘warm-stage
refugia’ or ‘interglacial refugia’ as priority conservation targets (Willis et al. 2010).

As an example, as far as the biological invasion is concerned, palaeoecological studies
can establish if a particular species of conservation concern is native, non-native or ‘alien’
in a given ecosystem or landscape (Jackson 1997; Willis and Birks 2006; Birks 2012).
Such studies can further assess the long-term impact of ‘alien’ species on the structure and
functioning of an ecosystem (Froyd and Willis 2008). Interesting examples of palaeoecol-
ogy elucidating the origin of ‘doubtful natives’ and helping conservation management, can
be found in oceanic islands colonized by humans during the last centuries with introduc-
tion of exotic species threatening the local fauna and flora (Leeuwen et al. 2008; Coftey
etal. 2011).

There is however, another potential of palacoecology to serve conservation biology
which has so far been underexplored by both conservationists and palaeoecologists. The
basic idea is that in rich biogeographical territories, such as biodiversity hotspots, in which
the biodiversity is still not fully known, palacoecological data can reveal the hidden taxa
which presence has not yet been evidenced by scientists. These are almost certainly present
in the ecosystem and are potentially of high conservation value. Palaeoecological records
of recent past are particularly valuable to give promising evidence of such taxa still thriv-
ing in a given ecosystem.

To exemplify this, we use the liverwort genus Riella in continental SW Asia as our
model (see below). The long-term ecological history of Riella can be inferred from its fos-
sil spores trapped and preserved in wetland sediments (Djamali et al. 2008a, b). This study
aims to present palaecoecological records of Riella in numerous published and unpublished
pollen records from Iran. It will provide a spatio-temporal distribution pattern for the genus
in one of the significant biodiversity hotspots of Northern Hemisphere. It will also demon-
strate how palaeoecological insights can help design preventive strategies to conserve these
liverworts and their habitat in an alarmingly changing world.

Geographical and bioclimatic setting

The study area is located in the continental interior of southwest Asia mainly corresponding
to the Zagros Mountains, a NW-SE oriented high mountain system stretching > 1500 km
from the Anatolian plateau to the Gulf of Oman (Figs. 1, 2).
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Fig.1 The study area limited to the Zagros Mountains in western Iran (see Fig. 2 for the location of the
study sites). Upper-right inset map presents the location of the Irano-Anatolian biodiversity hotspot (in
blue) within the Irano-Turanian floristic region (After Manafzadeh et al. 2016). IT: Irano-Turanian. Note the
Mediterranean precipitation regime reflected in climate diagrams of Zagros with increasing tropical char-
acter moving from northwest to southeast. Climate diagrams are created in ‘Climatol’ package (Guijarro
2019) in RStudio (RStudio Team 2015) based on data from Iran Meteorological Organisation. In climate
diagrams, the left Y-axis represents the temperature in °C and the right Y-axis represents the precipitation
in mm. Next to the X-axis, mean daily maximum temperature of the warmest month and mean daily mini-
mum temperature of the coldest month are also written. Blue and red curves represent the precipitation and
temperature, respectively. Blue-shaded areas represent the wet season (P>2T) and red-shaded areas show

the dry season (P <2T). Blue bars on X-axis show the months with likely frost

This area is dominated by the ‘Irano-Turanian bioclimate’ which is a continental vari-
ant of the Mediterranean bioclimate with higher continentality, more marked precipi-
tation seasonality and longer summer droughts (Djamali et al. 2011, 2012a). In the true
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Fig. 2 Palaeoecological records of Riella spores in two cores from Lake Urmia (NW Iran) and eight sites in
the Zagros Mountains and the Persian Gulf in SW Asia. Spore sequences are arranged from oldest (left) to
youngest (right) recorded appearance of the spore. Riella spore percentages represented by blue bars have
been calculated on the sum of all aquatic pollen and spores (including Riella). The columns represent the
sediment cores. Those sections of the cores studied by pollen analysis are shown in orange and those sec-
tons not analysed for pollen are shown in yellow. Please note that the horizontal axes (spore percentages)
are not on the same scale in order to give more visibility to those sites with lower values for Riella spores

Mediterranean world, this climate is equivalent to three rare bioclimatic types called
‘Mediterranean pluviseasonal-continental’, ‘Mediterranean xeric-continental’, and ‘Medi-
terranean desertic-continental’ according to the Global Bioclimatic Classification (Rivas-
Martinez et al. 2005). A number of climate diagrams from the study area are illustrated in
Fig. 1. A common feature of most of these diagrams is the long duration of the dry season
defined as those months during which the precipitation (P) is less than two times the tem-
perature (T) (P<2 T), lasting from 5 to 8 months with precipitation mainly falling from
October to April.

The very seasonal distribution of annual precipitation and strong evaporation during the
long summer months have given a very ephemeral character to Iranian wetland systems
with a high amplitude of water-table fluctuations making them vulnerable ecosystems to
ongoing global change (Mousaei-Sanjerani and Rundel 2016). Indeed, most of the Iranian
internal lake systems are playa lakes with substantial annual, decadal, and longer-term
hydrological fluctuations, alternatively flooding and exposing vast expanses of shallow
lake environments in response to hydroclimatic variations (Krinsley 1970; Mousaei-Sanje-
rani and Rundel 2016).

The study area falls into the western Irano-Turanian floristic region (Fig. 1: upper right
inset map), one of the largest and richest phytogeographical regions of the world (Dja-
mali et al. 2012a; Manafzadeh et al. 2016). The vegetation in mostly composed of Irano-
Turanian montane steppes and steppe-forests with Quercus brantii, Pistacia atlantica, Acer
monspessulanum, and arboreal Rosaceae dominating (Zohary 1973).



Model taxon: Riella

The family Riellaceae (Marchantiophyta, Sphaerocarpales) consists of two genera, the
monotypic Austroriella, known only from a single locality in Australia (Cargill and Milne
2013) and Riella, with a world-wide distribution (except Antarctica) and 29 taxa (Soder-
strom et al. 2016, Table 1). The majority of the Riella populations are found in areas of
Mediterranean-type and subtropical semi-arid climates with a marked precipitation season-
ality and develop in seasonally flooded shallow lake and wetland environments (Gradstein
2016; Sabovljevi¢ et al. 2016). Riella species have very small and disjunct populations
mostly distributed in the Mediterranean bioclimatic areas of the world (e.g. Segarra-Mor-
agues and Puche 2014; Segarra-Moragues et al. 2012; Cargill and Milne 2013; Gradstein
2016). Our knowledge on the taxonomy and conservation status of Riella is however, still
limited due to rare sights of living species in nature and their poorly-known global spatial
distribution (Geissler 2001; Segarra-Moragues et al. 2014). The latter fact is evident by
description of several new species and new records over the last decade across the world
(Segarra-Moragues et al. 2012; Cargill and Milne 2013; Puche and Segarra-Moragues
2013; Segarra-Moragues and Puche 2014; Segarra-Moragues et al. 2019a, b).

Table 1 presents 29 taxa recognised at the species rank or below of the Riellaceae fam-
ily (Soderstrom et al. 2016). Of these, eight taxa (27.6%) have been designated of hav-
ing unresolved taxonomic status, indicating a significant gap of taxonomical knowledge.
Such lack of knowledge extends also to their conservation status. The conservation status
of 11 (37.9%) of the 29 taxa has not been assessed yet, whereas conservation assessments
are available for 14 (48.3%) and 4 (13.8%) for their global and partial distribution ranges,
respectively. Notwithstanding, eight (57.1%) out of the 14 globally assessed taxa have been
assessed as Data Deficient (DD), indicating a significant lack of knowledge on the status
of their populations. The remaining six taxa have been assessed as Extinct (R. spiculata),
Critically Endangered (R. affinis), Endangered (R. bialata and R. echinata) and Vulnerable
(R. heliospora and R. mediterranea, Table 1). Riella cossoniana, the only species which
fossil/subfossil spores have so far been reported from SW Asia (Djamali et al. 2008b) is
considered as DD globally, Nearly Threatened in its European range and as Vulnerable
in Spain, where most of the currently known populations have been reported in recent
times (Segarra-Moragues et al. 2014, Table 1). In summary, the conservation status of the
majority of the Riella taxa remains still obscure because of the missing information on the
population biology, ecology and distribution of their extant populations around the world
(Table 1).

Materials and methods
Palaeoecological archives

In this paper we present 10 palaeoecological records of Riella spores extracted from pol-
len diagrams (Fig. 2; Table 2). All diagrams come from western highlands of the Iranian
plateau (Fig. 2 inset map). The presence of Riella spores has been so far reported and pub-
lished from only three sites i.e. Lake Urmia (Djamali et al. 2008b; Talebi et al. 2016), Lake
Parishan (Djamali et al. 2015), and Lake Maharlou (Saeidi Ghavi Andam et al. 2020). Most
of the fossil spore data presented in this paper are thus, the first records of Riella from the



VIN V/N  UBISDJed pue elpu] :oltuapuy ueisted PoA[OsaIuf) borpul vjja1y
pdip204oDU
V/N V/N UBQUELIIPIIA Iea[oun) uredg pueurejy poAjosaIun “TeA pjjdydoonjay vjjary
+#(26107) 2yond 9IoYMIS[d V/N
pue 01819 *|. (#107) 0999 ‘,(edomg) IN i [ureds vj1<ydodnay
-UBIN-ZJ[eZUOoL) pue son3nig ‘(ar‘mr ‘mqezq] N3 UBQUBLIIPIN :Ied[ou) B3V pardaooy “TeA pydoonjay vjary
/e 310-ere-sisty//:sdny ada/o1 BI[ENSNY :OTWApUY BI[RISNY pardoooy ppydopy v)a1y]
ueauel
V/N V/N -I9)IPA] UISISOAN (TBa[ou) QoueI] paA[osaIun D111V D)1
BOLIY InoS
(90107) uapo pue o[oy) aa ‘erquuieN :BOLIJY UIYINOS BOLIJY INOS pardoooy prodsounyoa vjjany]
eAQIT ‘UBoURI
V/N V/N -IQ)IPIIA UIS)ISeH :OTWapuy] BAQIT paA[osaIun Do1PULILD D)1y
(®6100)
‘[e 30 sonJeIO\-BLIRSAS aa BUNIUSSIY :OTWOpU RUNIUSSIY padasoy S1ISUPU0I0YD D]]a1Y
(90107) uapoy pue o[oyd aa BOLIJY INOS :OIUSpu BOLIJY INOS pardoooy s1suadpo vja1y
(86107) 'Te 10 01819S/,(¢107)  (edoing) qd,/[e5uer [eqo[3 uredg puejurew ‘el1o31y
SonJeIOJA-eIIRTAS pUR Ayond ‘(moeg +(moaeg] Nd, {UBQUBLISNIPIIA UISISIAN BLIOZY pardadoy DIvIVIq D]121Y
uBoURI
V/N V/N -I9)IPAA] WIQISOAN 1TBI[OU[) BLIOI[Y paA[osaIu) 1121puUDIIDq D]]21Y
(/310" 9A10s01MRU TRI0[d XD aroym
//:sdny) 110[dxH 9AT0GaIMIBN -9ST9 V/N (VSN ‘NH) 7D BUNIUASIY ‘OJIXIIN ‘VSN vSn pardaooy DUDILIIUID D]]ITY
(®0107) udpo pue ojoy) aa BOLIJY YINOS :OIWUdpuyg BOLIJY YINOS pardaooy p1odsoipp vj1a1y
p121y “3qng
bpo1y
V/N V/N  BI[EINSNY UIISOA\ :OTWpUY BI[RISNY pardaooy DIDS D]]21I0AISNY
pJja11041SNY
S1I0M
JUQUISSISSE -IOAT] JO ISIP[O9YD Ul
UOIBAIOSUOD J0J SOOUAIJY Snje)s UOIIBAIISUOD) uonnqrysi(q urSrio adAg, SnJe)s OIOUOXE], uoxe],

PaUOTIUSW JT6 JUSWSSISSE I3y} YIIm Jurjeop
SOOUQIJAI PUE SNIB)S UOHBAIISUOD ‘UONQLISIP umouy ‘uondriosep jo Anunod [eulSIIo ‘snjejs JIWOUOXe) S} UOXE) YOoBd IO "9radR[[oTy Y} JO BX®) pastugodar gz oYL, | 3|qeL



(461027) T8 1
SONSEION-BIIESS ¢ ($107)

[98ue1 [eqo[3

pue uredg * (I +1+1)2
(41409 zdl ¥

1 (9111 INOS pue [orIs]

BOLIJY INOS ‘BIpU] ‘[oRIS]
‘spue[st Areue)) pue uredg

‘Te 30 sonSeIoN-eireseS  ‘BIpu) Q ‘(e193[V) ¢A NA  PUB[UIRW ‘BLISTY :PHOM PIO  Spue[s] Areue)yureds pardoooy suffv vjja1y
pj12ung.[ "3qng
V/N V/N BUNUISIY :OTWopUY BUNUIZTY pardaooy DIpNpUN v]]a1y
(r100)
AYong pue sanJeIo\-BLIR3S aa BOLIJY INOS :OIUSpuyg BOLIJY INOS padasoy piodsouosiiy vjjary
(S107) dnoin K10s
-1ApY AAydoArg pouajeary], [q+ezg ‘e1V] XA BI[RIISNY :OTWAPUY eI[RISNY pardaooy pypnords vjjary
uBoULI
V/N V/N -I9)IPA] UIDISOAN 1TBI[OU) BLIOT[Y paAjosaIun SISUINSLIS D]]1Y]
ueQuel
(Z€61) WIRYPMIS (Kreoor odA1) XA -IQ)IPIIA WIR)SOAN -Ted[ou) PURLIOZIIMS PRA[OSAIUN) 142124 D]]21Y
(POT0OT) uapoy pue o[oy) aa BOLIJY YINOS :OIWUIpuy BOLIJY YINOS piodsoasndind vjjary
BISIuny,
‘uredg pueurewr ‘eL1as[y
(96107) ayond pue 013195 A1oyMas[d /N ‘(uredS) Ay TUBQUBILIO)IPIIA UIISIA B3V pardaooy nsiivd vja1y
V/N V/N BUNUISIY :oTWopuyg RUNIUSSIY pardaooy anduind vj)a1y]
BISIUN], ‘LR3[Y
V/N V/N TUBQUBIISNIPIIA UIIISIAN eLIOZY paA[osaIun poIprUnU 0]]a1y
IayM
A96107) ayond -9S[9 V/N ‘ps(0doIng)
pue 01819S ‘| . ($107) 0990 IN “joes[ureds
-URA[-Z9[BZUOL) pue sonInig (a1 ‘i ‘myqezg] NA UBQUEBIIIPIYA :TB3[oU) eruIpIeS ‘ATei pardaooy 11S14DI0U D]I21Y]
S1I0M

JUSUISSISSE
UOTJBAIOSUOD JOJ SOOUQIJOY

snjels uoleAIdSuO))

uonnqLysiq

urtio odAJ,

-JOAI] JO ISIP[OYD Ul
SnJe}s OIOUOoXe],

uoxeJ,

(ponunuoo) | 3jqer



SNJE)S OIWOUOXE) POA[OSIIUN JABY
(SISUINSADS “Y “1I2INAL "y “DIIPUL ¥ “DIIIDS ¥y ‘DOIDULLD Yy “1421pupyipq “3) XS[dWOD SIY) UT PAISPISUOD BXE] SB “*]°S USIIDIOU "y IO] PIIIPISUOD BILP JUSWISSISSE UOTIBATISUO ) .4

1°S vj1&ydoo1jay "y 10J PoIOPISU0D 9q PINOYS ‘SnY) BXe) dyroadsqns 9)e1edas J0u SOOP BIep JUSWISSISSE UOTIBAIISUOD)

J[qe[TeAY JON V/N ‘QlqeIou[np A ‘A1039180
9AISSRINIEN WOI) NH =70 9uatoge( vie( @ ‘Pausieary], A[TBaN N ‘UISoU0)) I1SeaT )7 ‘pateduepuy A[[eonii) y) ‘paieduepug N7 ounxy A[euoi3oy Fy ounxg X7

N&SNV

wo3o) pue 1sidure) w_clomv
‘Te 12 sonJeIOJA-e1Ie3oS
(#102) ‘B 10 sen3eION-B1IRIAS

(#107) & 10 san3eIojN-vLIR3AS

(P6102)

ayond pue 01819 *, (+107)
‘Te 19 sonSeIoN-eIIR3aS

A96100)
Te 30 01819 *,(+107)
‘[& 19 son3eIO\-eI1Ie3oS

/(edomy) q ,[eSuex
[eqo[3 ‘(a)2(Mqezd] NA
‘ (19u1s] pue eIRIN) Ad
‘ [uredg (a)o(mqezd] N4
(Inqezd +(MAe1g ¥D
(T nA

Aedomg) NF ¢ [eSuer [eqo[n

(A‘mnqezd] NA (090010

pue spuejs| oLreafeq) AQ

‘ (spuers Kreue)) 7

NA *[uredg pueurew
‘(A'mnqezg +(mae1d] YO

(edoiny)

LN ‘(e8uer [2qo[D) A,

‘(ueISIYOgZ() pue uels

-(P[ezey] ‘ueplrof oISy

‘beiy ‘erpuy ‘eouery) Ad,

[uredg “(Ana(atmqezd]
NA ‘(e1R31Y) 7d NA

UBQUBIIIPIIN
BUNUSSIY :OTWApUH
BILIOJIRD) “VS() :OIudpuy

0D00I0TA]

‘spue[s1 A1eue)) pue

oueoreq ‘uredg pueurewt
UBQURIISIIPIA] UISISIA

BISY [B1JUD)-UBOUBILISIPIA

uredg
BUNUASIY
vSn

0J00I0TA]

BLIDZ[ Y

pardaooy
pardaooy
pardaooy

pardaooy

pardaooy

DIUDLLIIIIPIUL D]]I1Y
avipunups v]]a1y

viodsorjay vj1a1y

DIDUIYD2 D]]A1Y

DUDIUOSSOD D]]I1Y

JUSUISSISSE
UOTJBAIOSUOD JOJ SOOUQISJOY

snjels uolBAIdSuO))

uonnqLysiq

urStio odAJ,

s1I0Mm
-JOAI] JO ISIP[OYD Ul
SnJe}s OIOUOoXe],

uoxeJ,

(ponunuoo) | 3jqer



paystqndupn

paysiqndun

(0T07) wepuy 1Aeyo Iproes
(S102)

"Te 30 sauof (ST07) 'Te 1 Tewelq

(L10D)
‘[e 30 TuIassOH $(6107) 'T& 30 1eqny

paystqndun
paysiqndun
(610C

eruunyy) SIsay) I9IsejA paysiqndun

(98007) 'Te 10 ITewelq/paystqndun

onIasap eardoiy,
onasap Teordoiy,
[2IUQUIIUOD-OLIOX UBQUBLIO)PIA

[e1UaUNUOD-JLIX UBIURBIINIPIIN

[BIUSUNIUOD-OLIOX UBQUBLIO)IPAIA

[eIusUNUOD
-reuoseasianyd UBOUBIIAIPIIN

[eIUAUIUOD-[EUOS
-eos1An[d 0) -OLI0X UBQUBLIO)PIIN

[BIUSUNIUOD-OTIOX UBURIISIPIA

[ejuaUnUOD
-[euoseasiAn[d UBQUEBIIAIIPIIA

JUQUIUOIIAUD JTB)[OP-OIANY

uerue}odosaj WOIJ I9JemysaI} u ()

yonwr SUIAL0AI €3S [eIusunuodIdy H 48TEI160S N ,S 1,LT1.8C
oyey eAerd e Jo Aroydired w G

oy ur ysrew J[es paj-suridg H 48'8/CSo€S N #TT1,8S0LT
w o]

ey ekerd 0y surresiodAy mofreys  H L, T'LELYLTS N 4 T'LTST6T
2L w €y

aures APYSIS 0 YSHYORIq MO[[eYS H L' 6,8Y61S N 4TS I1E€6C

ysIew pajeraSoa

A[osuap © 0) SUIAJOAD AJ[e W Ge61

-UOSEOS B[ JojeMUsaly MO[[eYS H 498685018 N 4L 1¥,LE6T
xo[dwoo w 88/

puepam deuoqied 3utids onsiesy 4T LOT61S N 4S'LS.0T0€
xo[dwoo W ¢e9l

puepom aJeuoqred utids onsiey| H 4S0€S o£S N ,EThFS6T
uorssaxdop papooy A[feuoseas w 6481

e ur powioy puod Arerodwa,  H ,S0V,016£S ‘N 49°SS,T1.0€
2| w 89Tl

JD ueisiod QI
wonyg 6
nofIeyRIA 9

ueysued [

uelry o-1yseq 9
TUBSSEWEA] S
uerznoy ¢

sepe3ieseq €

aurfestodAy Juouewriod mojeys H 4,9 LTUTCSY N WV €ELYLE  CHE BIUIN/9N eI -]

SOOUQIOJOY

od Ay orewrpoorg

odKy puepop suoneuIpIood reorydersoon

1S [eo1S0[00009e[Rd  "ON

D721y JO PIOJI [ISSOJqNS YIIM URI] JO SIS [Bd1F0[000008[ed ¢ 3|qelL



area (e.g. Pasargadae, Rouzian, Mamassani, Hirom, and Persian Gulf, Table 2). Pollen and
spores have been extracted from wetland sediment cores using the classical extraction tech-
nique described in Moore et al. (1991) and Riella spores have been counted and identified
under X500 magnification. Representative samples were also observed and photographed
by Scanning Electron Microscopy (SEM) following the procedures described in Segarra-
Moragues et al. (2014) on a Hitachi S-4800 at the Servei Central de Suport a la Investi-
gacio Experimental (SCSIE) at the University of Valencia. Their percentage values have
been calculated over the sum of the pollen of aquatic plants (hydrophytes and helophytes)
and plotted against an absolute chronological scale. The percentages of Riella spores in
Urmia BH3 core were calculated on total pollen of terrestrial plants to be comparable with
data presented in the original publication (Djamali et al. 2008b). All sediment cores have
been dated by radiocarbon dating except for the site of Pasargadae which has been dated by
Optically Stimulated Luminescence (OSL) dating (Munnia 2019). The radiocarbon ages
of the sites 3, 4, 5, 9, and 10 can be found in Supplementary Materials (S1) and those of
Maharlou and Parishan records (7 and 8 in Fig. 2) can be found in Brisset et al. (2019)
and Djamali et al. (2015), respectively. Age-depth model of Holocene Urmia U6 record
(2 in Fig. 2) has been provided by Dr. Arash Sharifi, University of Miami, USA. For the
long core of Urmia BH3, a re-tuning of the record was performed by correlating the arbo-
real pollen variations (Djamali et al. 2008b) to a recently published high resolution speleo-
them stable isotope record covering the whole Marine Stable Isotope Stage 5 (Mehterian
et al. 2017). Absolute concentrations of Riella spores were calculated using Lycopodium
spore counts following Stockmarr (1971). All age-depth models have been established or
re-established in ‘clam’ package (Blaauw 2010) in RStudio version 3.5.3 (RStudio Team
2015).

Results
Riella, a significant bryophyte in the late Quaternary flora of Iran

Subfossil spore records of Riella presented in Figs. 2 and 3 cover a wide spatio-temporal
scale (Fig. 2). Spatially, they are found in 10 sites spread along a 1300 km transect from
northwestern corner of Iran in hypersaline lake Urmia to the southernmost part of the coun-
try in the Persian Gulf (Fig. 2). Temporally, the records go back at least to 195,000 years
ago at the very end of the Marine Isotope Stage 7 (Fig. 3) and end at contemporaneous
sediments in Rouzian wetland (4 in Fig. 2) as well as in Lake Urmia (Talebi et al. 2016).
The occurrences and frequency changes of Riella spores follow a very fluctuating pat-
tern. While some records such as Lake Parishan (Record 7 in Fig. 2, Table 1) reveal Riella
spores in most of the studied spectra, others display Riella spores in only a few spectra (e.g.
3,4, and 5 in Fig. 2).

Currently, the common feature of most of the above palaeoecological sites is the pres-
ence of shallow water environments with high water-table fluctuations (Table 2). Some of
the sites are large brackish water to saline lake systems with substantial annual or inter-
annual water level fluctuations (e.g. Lake Urmia, Lake Maharlou, Lake Parishan, Dasht-e
Arjan Wetland; Djamali et al. 2008a, b; Jones et al. 2015; Aubert et al. 2019; Brisset et al.
2019). Although the main water bodies are saline to hypersaline, there are abundant fresh-
to brackish water shallow wetlands formed on the fluvio-lacustrine environments, formed
at the entrance of river systems or along the springs fed by karstic systems or seepage from
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Fig. 3 Riella spore percentages and concentrations in a 200,000 years old sediment core from Lake Urmia,
NW Iran. Note that higher concentrations do not necessarily correspond to higher percentages and that
highest peaks occur during the glacial periods rather than interglacial periods

alluvial fan fringes (Frey and Probst 1974; Djamali et al. 2008a, 2009a; Brisset et al. 2019).
Others are shallow wetlands mainly fed by karstic springs e.g. Rouzian (Djamali et al.
2018), Hirom, and Mamassani (Fig. 2). Rouzian is one of the numerous carbonate wetlands
formed at the emerging point of karstic springs creating a wetland complex composed of a
patchy landscape of subaerially exposed and inundated areas (Djamali et al. 2018). Some
smaller wetlands and ponds form due to seasonal flooding by snowmelt and surface run-
off e.g. in Pasargadae. The Riella spores found in a Persian Gulf core indicate the pres-
ence of Riella in the wetland systems frequently formed on the fluvio-deltaic environments
in southern Mesopotamia in Iraq and southwestern plains and lowlands in Iran (Fig. 1).
Higher abundance of Riella spores in the early Holocene sediments of the Persian Gulf (10
in Fig. 2) may indicate that Mesopotamian fluvio-deltaic environments were located much
further to the east closer to the coring site when the Persian Gulf floor was still partially
exposed before the global sea level rise (Uchupi et al. 1999).

The longest record of Riella in Iran comes from Lake Urmia, a permanent hypersa-
line lake in northwestern Iran in which Riella spores have been found in 83 over 131
pollen spectra covering the last 200,000 years (Djamali et al. 2008a, b). The record has
already been published and discussed in Djamali et al. (2008b) but is here reanalysed
with the addition of spore concentration values (Fig. 3). Riella spore percentages dis-
play their highest peaks during the penultimate (MIS 6) and last glacial periods (MS 3)
with lowest values mostly corresponding to interglacial and interstadial intervals (e.g.
MIS 5e) (Fig. 3). This fact suggests that populations of Riella in Urmia have not been
very sensitive to lower temperatures of the last glacial periods but, have mostly been
controlled by hydrological variations (Djamali et al. 2008b). Absolute concentration
values (total number of spores per gram of dry sediment) also showed a similar trend
with higher concentrations correlating to higher percentages. This correlation indicates
that spore production was truly higher during the above intervals with some samples
containing > 100 spores/g which in turn suggests dense populations of the liverwort
colonizing abundant shallow wetland environments. One sample peaking at around
6000 years ago surprisingly contained > 500 Riella spores while presenting only 2.7%
of total terrestrial pollen. Such examples indicate that the presence of these liverworts



may be underestimated if one only judges on the relative frequency changes of the
spores. In BH3 pollen record, Riella spore percentages almost perfectly covary with
pollen percentage values of freshwater to brackish water aquatic plants (Sparganium,
Typha, and Cyperaceae) indicating that the suitable habitats for Riella have been pro-
vided during periods of higher lake levels and less saline environments on the vast sea-
sonally flooded shallow lake environments and wetland systems (Djamali et al. 2008b).
More recently, Riella spores have also been recorded in late Holocene sediments from
a small spring-fed wetland merging into the SW shores of the lake (Talebi et al. 2016).
Youngest spore occurrences date back to less than one century, strongly suggesting
that the species may still be thriving in similar environments.

Outside the SW Asia, the few pre-Quaternary findings of Riella spores go back to
Eocene to Miocene sediments of Iberian Peninsula and Argentina showing the pres-
ence of this plant in the wetland environments of both European and American con-
tinents (Cavagnetto and Anadon 1996; Quattrocchio et al. 2003). The Quaternary
record of Riella spores is also rare and is limited to a few pollen records from Spain,
Asia and South America. One example is a recent publication from Dofiana National
Park in southern Spain in which Riella spores (cf. R. helicophylla and R. cossoniana)
have been identified in a Holocene pollen record (Manzano et al. 2018). However, that
record has not been commented by the authors. A single peak of Riella spores has also
been recorded in a pollen diagram from Southern Tibet (China) and has been inter-
preted as indicator of soil salinisation caused by ineffective irrigation of cereal fields
(Miehe et al. 2006). It has also been reported, with limited occurrence, in one Argen-
tinian pollen diagram (Prieto and Quattrocchio 1993). Riella in the above fossil pollen
records shows similar patterns to Iranian records in that the spores appear as sporadic
discontinuous curves with very variable abundances.

Taxonomic diversity of fossil Riella in Iran

Light microscopic and Scanning Electron Microscopy of the Riella spores extracted
from Iranian samples surprisingly revealed at least three different species (Fig. 4),
namely R. cossoniana, R. echinata and R. helicophylla. So far, only one subfossil spe-
cies i.e. R. cossoniana had been described from Lake Urmia (Djamali et al. 2008a). In
this study we add R. echinata (Fig. 4D-F) and R. helicophylla (Fig. 4G-L) new to the
Iranian subfossil flora. Riella echinata is a rare species, so far known from the West-
ern Mediterranean (Mainland Spain, Balearic Islands, and Morocco) and the Canary
Islands (Segarra-Moragues et al. 2014). Therefore, our results may suggest either a
broader distribution in the Mediterranean area or alternatively a relict status of the
current populations in the western Mediterranean. In Lake Hirom, the spore morphol-
ogy matches Riella helicophylla (Fig. 4G-L). This species includes var. macrocarpa
P. Allorge, a variety that has been barely recognised in reports following its descrip-
tion (Allorge 1929) and that needs further taxonomic study. Notwithstanding, the spore
morphology observed here matches that taxon. Riella helicophylla has a broad distri-
bution in the Mediterranean area with most of its records concentrated in the western
Mediterranean. Few, mostly old records have been reported from Israel (Lipkin and
Proctor 1975) and Turkey (Kiirschner and Erdag 2005). Thus, the Iranian record may
indicate this species could be much more widespread in Asia, than previously thought,
as reported for R. cossoniana and R. affinis (Segarra-Moragues et al. 2014).



Fig.4 Light and Scanning Electron Microscopy (SEM) images of fossil Riella spores from Iranian core
sediments. A—C, Riella cossoniana. D-F. Riella echinata. G-L, Riella helicophylla. A, D, G, 1, spores in
distal view, L, spore in proximal view, B, C, E, F, H, J, K, detail of distal spines. A-C, E, F from Lake
Urmia, D, from Parishan, G-L, from Hirom

Discussion

Each year, approximately 2000 new plant species are added to the flora of our planet,
which is estimated by 2016 as> 374,000 (Christenkusz and Byng 2016). These additions
come mostly from biodiversity hotspots around the world (Joppa et al. 2011). In low lati-
tudes in particular, most of the plant biodiversity is found in biodiversity hotspots coincid-
ing with semi-arid mountain regions (Noroozi et al. 2019a). Many wetland systems found
within these regions, sometimes called ‘green islands’, display a very high species richness
and contain many endemic and relict species (Naginezhad et al. 2009; Kidane et al. 2019).
These wetland habitats are under serious threats by anthropogenic activities and global cli-
mate change and do not benefit from appropriate conservation management measures, pri-
marily due to lack of data and documentation on their distribution and conservation status
(Naginezhad et al. 2019).



The data presented in this paper demonstrates that Riella has played a significant role
at least in Quaternary history of wetland flora of the Irano-Anatolian biodiversity hotspot.
Thank to its morphologically characteristic and resistant spores, Riella seems to be one of
the rare liverworts which ecological history can be traced back in lake and wetland sedi-
mentary archives. Occurrence of Riella spores in topmost sediment layers of several sites,
strongly suggest that it may be still thriving in some of these wetlands, and most probably
in many other wetlands with analogous basin physiography and hydrology. Any attempt to
discover Riella populations in situ necessitates the organisation of botanical field excur-
sions at the right season and right place. However, sampling of soil sediments at promising
sites for later laboratory cultures has proven a successful strategy (Segarra-Moragues and
Puche 2014; Segarra-Moragues et al. 2019a). Recent progress in laboratory culture and the
required physico-chemical conditions of spore germination provides unique opportunity to
discover the species occurrence by cultivating the sediments taken from potentially suit-
able areas (Sabovljevic¢ et al. 2016). The combination of the two methods can thus, increase
the possibilities to discover both new populations and species.

Wetland ecosystems of SW Asia, similar to many other wetland systems worldwide,
are under threat by intensified human intervention exacerbated by current climate change
(Junck et al. 2013). In Iran, many wetlands have been profoundly affected by recent global
climate change but particularly mismanagement of water resources. Construction of many
dams on the drainage basin of internal lake systems and wetlands e.g. Lake Urmia has
caused the shrinkage and sometimes almost total desiccation of these ecosystems. In Lake
Urmia region where vast alluvial plains and fluvio-lacustrine environments are home to an
extremely rich biodiversity and endemism of halo-tolerant and halophytic species (Ghor-
banalizadeh et al. 2020), the recent falling of water levels have caused the disappearance
of many aquatic habitats. Many of these habitats are actually compatible with the ecolog-
ical niches of Riella in the Mediterranean, including flat areas and shallow depressions
seasonally flooded during spring time. The loss of such habitats is thus, catastrophic for
many species, including those yet to be discovered and that would otherwise contribute to
increase the biodiversity of the Irano-Anatolian hotspot.

Indeed, Riella is not the only hidden representative of the flora of Irano-Anatolian
Biodiversity Hotspot. Three other examples are worth mentioning, all revealed through
detailed morpho-taxonomic examination of subfossil pollen and macroremains in peat sed-
iments. Two examples are from a late Holocene pollen and macrofossil record from a high-
altitude peat bog (Lake Almalou, 2500 m) in NW Iran (Djamali et al. 2009a). This record
revealed a semi-continuous pollen curve for the carnivorous plant Drosera never reported
alive from the Iranian flora. The youngest pollen grains of this plant in Almalou record
date back to almost contemporaneous sediments. The pollen record further revealed a
spore type described as HAV-31A identified as testate amoeba Archerella flavum (= Amphi-
trema flavum, see the official website of the Non-Pollen Palynomorphs: http://nonpollenp
alynomorphs.tsu.ru/detail_type.html?1d=HdV-31A&lang=ru-RU). This spore type is asso-
ciated with the moss genera Meesia and Sphagnum (van Geel et al. 1989) suggesting that
these moss genera were present in the Little Ice Age (LIA) in the region. None of these
genera have then been reported alive for Iran. However, examination of the macroremains
of the LIA aged interval actually revealed abundant Meesia triquetra Angstr. remains a
cool-temperate moss species considered as a ‘glacial relict’ in the flora of SW Asia (Kiir-
schner and Djamali 2008). Another example of subfossil evidence of ‘glacial relicts’ is the
Sphagnum squarrosum which macroremains have been reported all along a 2000-year long
palaeoecological record from Tuska Tchal peat bog in northeastern Iran (Kiirschner et al.
2015). Once again, the search for Sphagnum remains was stimulated by the finding of both



spores and associated Non-Pollen Palynomorphs. Living populations of another species of
Sphagnum, i.e. S. girgensohnii has recently been reported for the first time in Iran adding it
to the modern bryophyte flora of Iran (Faridi and Amiri 2007).

The potential use of palacoecology to discover new plant taxa has so far been paid less
attention because most of the palaeoecological literature on wetlands is from Europe and
North America, where the modern and fossil wetland flora are much better studied. At low
latitude areas such as the Irano-Anatolian Biodiversity Hotspot, the floristic surveys of wet-
land systems are still in their exploratory phase (Naqinezhad et al. 2009) and can benefit
from the palaeoecological insights to expose hidden species (Kiirschner et al. 2015). Wet-
land palaeoecology can thus, contribute to better characterize the plant biodiversity (both
vascular and non-vascular taxa) in wetland systems and aid botanists to design target-based
explorations for undiscovered species. This is particularly helpful for those species such
as Riella spp. which show population fluctuations with intervals of demographic blooms
interrupted by intervals of total absence in the ecosystem, often for decades, (Studhalter
1932; Proctor 1972; Martinez et al. 2014). Their sporadic growth and ephemeral develop-
ment make them hardly visible to field botanists. Among bryophytes, the liverworts have
one of the best fossil records dating back to Palaeozoic time (Wellman et al. 2003). Such
fossil records provide a unique opportunity to attribute absolute ages to nodes within their
phylogenetic trees (Forrest et al. 2006). The possibility of precise taxonomic identifications
of Riellaceae based on spore morphology (Segarra-Moragues et al. 2014) is particularly
interesting in terms of future molecular dating of the phylogeny of the family which is
still poorly known (but see Forrest et al. 2015). Riellaceae are mostly found in small shal-
low wetlands and seasonal temporary ponds with a rich fauna and flora adapted to harsh
ephemeral conditions and cycles of flooding and desiccation (Gradstein 2016). Many plant
and animal species of these environments may have been extirpated due to very recent
intensification of anthropogenic activities. Palacoecological investigation of their subsur-
face sediments can reveal the very recent occurrences and decline of such species, which is
important if the restoration efforts are made, including their re-introduction (Buldrini et al.
2013). Botanical field excursions accompanied with surface sediment sampling for labora-
tory cultures and sub-surface coring for palaeobotanical search for past populations can
together be a powerful tool to help discover the new habitats with recent past or present-
day occurrence of Riella species. This will help better define the ecosystems of higher con-
servation priority.

Conclusions

Palaeoecology can be a complementary tool in the hands of biologists to reveal a hidden
part of the biodiversity contained especially in biodiversity hotspots, the fauna and flora of
which are still poorly known. For this, high taxonomic precision in fossil identifications is
an asset to increase the chances to discover new species or new records. Recent sub-fossil
records are of particular interest as there is an increased possibility that particular species
are still thriving in a given ecosystem, when their traces are found in the recent past of that
ecosystem.

Wetland systems at high elevations and temporary seasonal wetlands seem to be
invaluable targets to use palaeoecology in combination with modern ecology in search
for new species and records and provide excellent ground for collaboration between
palaeoecologists and conservation biologists. Shallow wetlands with significant annual



or interannual water-table fluctuations under seasonal Mediterranean climates seem
to provide optimal conditions for the growth and thriving of the Riellaceae. Many of
these environments are under serious threat by anthropogenic interventions exacerbated
by global climatic change and may already have lost the last populations of these rare
and endangered liverworts. Our detailed analysis of fossil spores from sediment cores,
indicated that they could involve at least three species of Riella, with biogeographical
implications for the genus. Botanical surveys complemented by late Holocene palaeo-
ecological study of these environments can help to identify and then protect not only
Riellaceae but also numerous other organisms adapted to their narrow ecological niches.
Many Riella habitats are currently located in coastal areas and/or wetland systems of
drylands, and are threatened by ground and surface water overexploitation, development
of urban and industrial zones, and water pollution due to agricultural pesticides and fer-
tilizers (Martinez et al. 2014). These ecosystems must be urgently pinpointed, ecologi-
cally characterized and subjected to ecological restoration in the light of the ecological
and historical plaeoecological studies.
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