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Conifer-stomata analysis is an essential part of the palaeoecological toolbox because it allows determining the 22 local presence of plant populations with a lower degree of uncertainty than pollen analysis. Although the

23

European postglacial pool of conifer taxa is broad, stomata morphologies for only few taxa were investigated.

24

Prior stomata morphology studies focused on taxa having wide distribution ranges in central and northern

25

Europe, and stomata-morphologies for taxa occurring in southern European and Northern African mountain 26 regions have not been described, yet.

27

Here, we present a qualitative assessment of stomata morphologies for 40 taxa from eight genera 28 (Cupressus, Juniperus, Abies, Cedrus, Larix, Picea, Pinus, and Taxus) that are present on the European 29 continent and the southern borderlands of the Mediterranean Basin, thereby broadening substantially both the 30 regional and taxonomical coverage of this now 65-years old technique. We found that visual identification of 31 conifer stomata does not allow species-level identifications, supporting the notion of genus-specific stomata 32 morphologies found in prior studies. For each genus we describe the stomata morphologies taking into account 33 the varying shape of stomata features at different focusing levels. In addition, we provide stop-motion 34 animations (publicly available at http://dx.doi.org/10.6084/m9.figshare.7165261) that may be useful tools for 35 microscope analysts who want to acquaint oneself with conifer-stomata analysis.

Introduction

39

Natural ecosystems and biodiversity will be substantially affected by changes in climate and land-uses during the 40 ongoing century (Alcamo et al. 2007) and endemic plants in biodiversity hotspots appear particularly vulnerable species loss may be particularly high for species having small or isolated populations such as those living on 44 islands or in so-called 'habitat islands' on the continents (Whittaker and Fernandez-Palacios 2007).

Conifer needles were collected from herbaria (the Herbier Montpellier Université (MPU; Montpellier, France) 97 and the Royal Botanic Gardens Kew (KEW; London, UK)), and from living specimens growing at the Botanical the nametags of collected specimens were crosschecked against the GBIF Backbone Taxonomy (GBIF 102 Secretariat 2017) and synonyms were replaced with the currently accepted species (or subspecies) names.

104

Laboratory treatment 105

Needles of each specimen were first dried at 60ºC overnight and thereafter cut with a razor blade along their 106 major axis under a stereomicroscope to increase the likelihood that chemicals would digest the mesophyll and 107 detach both the cuticle from the underlying plant tissue and the stomata from the cuticle. Thereafter, needles of 108 each specimen were prepared using standard laboratory treatments used for pollen analysis (including hot KOH 109 10%, acetolysis, and a second hot KOH 10% treatment, but excluding HCl and HF treatments (following 110 MacDonald 2002), embedded in glycerine jelly, and mounted on slides. The number of needles prepared for 111 each specimen varies depending on the abundance of the material that was available. The two Cedrus species have stomata characterised by relatively thick medial lamellae that delimit a circular 176 opening (Figs. 5a,c,e). The thickness of the stem is greatest on the upper side (Fig. 5b); towards the lower side of 177 the stoma the stem thins out near the stoma opening (Figs. 5a,e). Polar hooks are long and generally bent (Figs.

stomata, the upper lamellae have a butterfly-shaped form (Figs. 5a,b,d). The stomata of the three Picea species analysed are characterised by relatively thick and distinct medial lamellae 187 (Figs. 6a,c,f,g). The stem thickness varies along the stoma depth: on the lower side of the stoma the stem thins 188 out toward the stoma opening (Figs. 6a,c,f,g); on the upper side the stem has rather straight sides. The pole 189 hooks are short, bent, distinct, and are connected to the stem by a thin junction on the lower side of the stoma 190 (Fig. 6a,d,e). The upper lamellae are generally indistinct and are as wide and long as the lower lamellae. Their The Larix stomata have relatively thin stems with long and thin polar hooks. The stem is slightly thinner on the 211 upper side (Fig. 8a) than on the lower side (Fig. 8b). The medial lamellae are very thin (Figs. 8a,c) and usually 
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recently thoroughly tested and confirmed using statistical analysis of 10 geometrical measurements of 244 morphological traits in a total of 315 stomata from 10 different genera of North American conifers [START_REF] Lacourse | Identification of conifer stomata in pollen samples from western 464 North America[END_REF]. Similarly, [START_REF] Hu | A key for the identification of conifer stomata from N.E. China 456 based on fluorescence microscopy[END_REF](Zhang et al. 2011) found on the basis of morphological traits that 246 conifer species native to China could be identified to genus level.

247

However, other investigations reported that measurements of geometrical features might be useful to 248 separate stomata among and within genera. For instance, Yu (1997) found different width-to-length ratios for 249 stomata of north American and Canadian Thuja and Juniperus, two genera belonging to the Cupressaceae family. 

255

In our study we refrained from numerical analyses of size measurements and morphological traits for 256 two main reasons. Firstly, our main goal was to provide descriptions of stomata morphologies for the 40 257 analysed taxa with a simple user-friendly tool that stomata analysts could refer to for stomata identification variations. Moreover, our sampling size is rather small (only few needles from 1-2 specimens (Tab. 1)) and 284 larger sample sizes may be needed to define quantitatively the limits of taxonomic differentiation among 285 congeneric species [START_REF] Lacourse | Identification of conifer stomata in pollen samples from western 464 North America[END_REF].

286

In comparison to prior stomata-identification studies of European conifers (Trautmann 1953; Sweeney 287 2004) our study broadens substantially both, the regional and taxonomical coverage of this technique.

288

Trautmann ( 1953) focused only on central European and Alpine conifers, and Sweeney ( 2004) considered only 289 species native to Fennoscandia. Our assessment takes into account the larger variety of conifer species (and 290 subspecies) interspersed in southern European and northern African mountains. Overall, our descriptions largely 291 overlap with those of genus-level features that were detailed in prior studies, but some differences may be 292 highlighted. Trautmann (1953) noted that the pole-ward medial border of the upper lamellae is straight in A. alba 293 stomata and curved in L. decidua stomata. By contrast, we noted the opposite: a curved medial border in Abies-294 type stomata (Fig. 4) and a straighter border in Larix-type stomata (Fig. 8). Our description of the pole-ward 295 medial border of the upper lamellae is however consistent with the description given by Sweeney (2004). Also,

296

for Pinus sp. stomata we noted the very frequent occurrence of notched stems, a feature that was illustrated in 297 Trautmann's schematic drawing but that received little attention in subsequent studies. Moreover, we describe 298 for the first time the stomata morphology of Cedrus atlantica and Cedrus libani, two species having small and 299 fragmented populations on the southern and eastern borderlands of the Mediterranean Basin. Cedrus-type 300 stomata seem absent from palaeoecological records within and around the current range of these two species 301 (Cheddadi et al. 2009;[START_REF] Hajar | Cedrus libani (A. Rich) distribution in Lebanon: Past, present and 447 future[END_REF]Campbell et al. 2017). We cannot exclude the possibility that the 302 stomata of these species are less resistant to decay than the stomata of European conifers. However, Cedrus 303 stomata are resistant to chemical processing for pollen analyses (this study; Zhang et al. 2011). A plausible 304 explanation for the absence of C. atlantica and C. libani stomata in palaeoecological records is that their sparse tree cover may contribute to low abundance of needles being deposited. Moreover, the thin soil cover and 306 seasonal aridity in their native regions [START_REF] Lamb | An 18,000-Year Record of Vegetation, Lake-Level and Climatic-466 Change from Tigalmamine, Middle Atlas, Morocco[END_REF][START_REF] Hajar | Cedrus libani (A. Rich) distribution in Lebanon: Past, present and 447 future[END_REF] 

323

with plant macrofossils may thus refine pollen-inferred reconstructions. Another limitation of pollen studies is 324 the low taxonomical resolution that limits identification to the genus (e.g. Picea, or Abies) or sometimes 325 subgenus level (e.g. Pinus; Moore et al. 1998;Beug 2004). While the descriptions of stomata morphologies 326 provided here do not allow species-level identifications, they support (albeit qualitatively) the notion of genus-327 specific stomata morphologies of several conifer genera. Moreover, the novel stop-motion animations provided 328 by our work may be useful tools for palaeoecologists who want to acquaint oneself with stomata analysis. This [START_REF] Kayacik | The distribution of Picea orientalis (L.) Carr[END_REF][START_REF] Abdound | Cupressus dupreziana, from the website, Threatened Conifers 392 of The World[END_REF]. Maps were prepared within the R computing 358 environment (R Core Team 2017). 
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  , we took images of flat-lying stomata at 630x magnification (Leica HI PLAN 63x objective 115 with Koehler illumination set up) with a transmitted-light microscope (Leica DM 1000) equipped with a Leica 116 ICC50 HD 3.1 megapixels camera. Images were taken with an open aperture diaphragm to ensure high 117 resolution, small contrast, and small depth of view. At least 20 images were taken with the freeware Leica 118 Acquire v.3.4.1 software at increasing focussing depths. Each image features a scale bar (0.05 mm long) that 119 gives an estimate of stomata size. The images were z-stacked with the ImageJ v 1.50 software (Schneider et al. 120 2012), which provided stop-motion animations that may help the analyst to follow the stomata identification terminology used to describe conifer-stomata morphology was extensively described in previous 125 publications (e.g. Trautmann 1953; Hansen 1995; MacDonald 2002), we briefly summarise the main Labill., Juniperus oxycedrus L., Juniperus phoenicea L., Juniperus sabina L., Juniperus thurifera L. 146 Stomata-type: Cupressus-type 147 148 The stomata from these taxa (Fig. 3) are characterised by relatively thick stems with arrow-tail-shaped poles. 149 Polar hooks are absent. The medial lamellae are generally thinner than the stems and distinct. When present, the 150 upper lamellae are distinct and almost as large as the lower lamellae. The pole-ward edges of both lamellae do 151 not reach to the poles, and the pole-ward medial border of the upper lamellae runs close to the stem. Abies alba Mill, Abies borisii-regis Mattf., Abies cephalonica Loudon, Abies cilicica (Antoine Boiss., Abies pinsapo var marocana (Trab) 161 Stomata-type: Abies-type 162 163 The stomata of the ten Abies taxa analysed (Fig. 4) have relatively thin stems with short and thin polar hooks, 164 which run perpendicular to the stem. The medial lamellae are almost as thin as the stem, sometimes indistinct 165 but generally more distinct than for Larix stomata. When present the upper lamellae are distinct, and are both 166 shorter and narrower than the lower lamellae. The pole-ward medial borders of the upper lamellae are not 167 parallel to the stem, giving the upper lamellae a butterfly-shaped form. In addition, the medial border of the 168 upper lamellae is generally slightly concave. Cedrus atlantica (Endl.) Manetti ex Carriere, Cedrus libani A. Rich. 173 Stomata-type: Cedrus-type 174 175

  Picea abies (L.) H. Karst, Picea omorika (Pancic) Purk, Picea orientalis (L.) Peterm.

  191pole-ward medial border runs parallel and close to the stem. Often the stomata bear a tooth at the polar edges of 192 the stoma opening.

  Pinus brutia Ten., Pinus cembra L., Pinus halepensis Mill., Pinus heldreichii H. Christ, Pinus mugo 197 Turra, Pinus nigra subsp. laricio (Poir.) Maire, Pinus nigra subsp. salzmannii (Dunal) Franco, Pinus peuce 198 Griseb., Pinus pinaster Aiton, Pinus pinea L., Pinus sylvestris L., Pinus uncinata Ram ex DC 199 Stomata-type: Pinus-type 200 201 The stomata of these species bear thick and distinct medial lamellae and thick stems. The stems are notched 202 more or less sharply on the lower side of the stomata (Figs. 7c,d,e,f,g,h), and are curved on the upper side (Figs. 203 7b,c,d,f,i,j,n). Polar hooks are generally distinct, long, bent, and are directly attached to the stem. When present, 204 the upper lamellae are shorter and narrower than the lower lamellae. Larix decidua Mill., Larix sibirica Ledeb. 208 Stomata-type: Larix-type 209 210

212

  much less distinct than in Abies stomata. When present the upper lamellae are indistinct, and are both shorter and 213 narrower than the lower lamellae (Figs.8b,d). Similarly to Abies and Cedrus, the pole-ward medial borders of 214 the upper lamellae are not parallel to the stem. However, as opposed to Abies-type stomata, the medial border of stomata of the other genera, the stomatal complex of Taxus baccata includes subsidiary cells (Fig.

  223 8e) which are located above the upper lamellae. While these are a useful feature for the identification of Taxus 224 baccata stomata, often stomata are found without the subsidiary cells (Fig. 8f). Taxus baccata stomata have 225 relatively thick stems with short and thin polar hooks (Fig. 8f). The medial lamellae are very thin and usually 226 indistinct. When present the upper lamellae are very distinct, and are both shorter and narrower than the lower 227 lamellae, and have a butterfly-shaped form. Similarly to Abies-type stomata, the pole-ward medial border of the 228 upper lamellae is generally curved. of detail achieved in our study, the stomata of European species of the Cupressaceae family show 234 similar features among genera. The stomata of the genera Juniperus and of Cupressuss seem to be 235 indistinguishable with simple visual examination (Fig. 3). Moreover, the stomata of these taxa have 236 morphological traits similar to those described by Trautmann (1953) for Juniperus sabina and can therefore be 237 grouped within the Juniperus-type. 238 By contrast, the stomata of European species of the Pinaceae family analysed in our study bear genus-239 specific features. This confirms earlier observations made by Trautmann (1953), who noted for instance that 240 among species of Pinus sp. the stomata morphologies were not distinguishable with simple visual observations 241 of stomata features. In keeping with this observation, Tonkov et al. (2018) recently grouped the stomata of P.

  242 mugo, P. sylvestris and P. peuce as Pinus sp.. The notion of genus-specific stomata morphologies has been
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  More recently GarcíaÁlvarez et al. (2009, 2014) and Magyari et al. (2012) reported significant morphological 251 differences among stomata from living populations of some European Pinus species on the basis of statistical 252 analyses of morphological traits. Similarly, Hu et al. (2016) found species-specific differences of one 253 morphological trait (the angle of attachment of the upper lamellae) among stomata of two Abies species native to 254 China.

  258under standard transmitted-light microscopes at magnifications typically used for pollen analysis (e.g. x400 or 259 x630). Classically, microscope analysts refer to dichotomous identification keys, static snapshot-type images of 260 stomata, and schematic drawings to identify specimens. However, such tools only can illustrate a subset of the 261 features of the overall morphology. Thus, for the reliable identification of stomata a good reference collection is 262 highly recommended(MacDonald 2002). The fact that some features change with focussing cell depth was 263 already recognised byTrautmann (1953). For instance, he pointed out that the stem thickness and shape of Pinus 264 stomata varies along focus levels and therefore presented for each genus schematic drawings at two discrete 265 focusing depths when stomata cells are observed in equatorial view. In this respect our study went some steps 266 further because the stop-motion animations (see ESM 2-40 at http://dx.doi.org/10.6084/m9.figshare.7165261) 267 provide a higher number of images taken at different focussing depths, thereby allowing to virtually navigate 268 across the different layers of the stomata in order to become acquainted with their 3-dimensional structure. The 269 importance of the 3-dimensional structure of microfossils has also been acknowledged in prior studies. For 270 instance, pollen atlases often illustrate a series of images of pollen grains taken at different focusing depths 271 (Reille 1992; Beug 2004). While such stop-motion animations may not replace a reference collection, an 272 animated sequence of images taken at different focus levels can be an effective tool to visualize the changing 273 shapes of features that are visible under the microscope (Martin and Harvey 2017). Second, the morphological 274 variability of stomata within species and the degree of morphological overlap among species may preclude such purely quantitative analysis (Lacourse et al. 2016). For instance, García Álvarez et al. (2009) reported for P. 276 sylvestris from Spain different stomata sizes (e.g. width, length) compared to the sizes measured by Sweeney 277 (2004) for Scandinavian specimens, indicating intraspecific variability of single morphological traits at 278 continental scales. We collected the majority of needles from specimens living in Botanical Gardens. Because 279 environmental conditions in Botanical Gardens represent (at best) only a fraction of the range of climatic 280 conditions and biotopes of wild populations across Europe or even Eurasia, size measurements might be 281 inaccurate. Conversely, because the overall stomata morphology is more stable at the species level (García 282 Álvarez et al. 2009), our qualitative descriptions should reflect the morphologies independently of intraspecific 283

  may cause the decay of the needles 307 prior to their deposition in the lakes. The possibly faster decay in seasonally dry southern Europe may also reconstructing the local presence of plant populations remains ambiguous if only based on presence of pollen 322 (false presence problem, Birks and Tinner 2016). Stomata are better indicators of local presence and together
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to environmental changes(Malcolm et al. 2006). Organisms may be at risk if their habitat is fragmented or lost,

and if they will be unable to rapidly adjust to new environmental conditions(Parmesan 2006). The risk of

Gardens of the Universities of Montpellier (Jardin des Plantes; Montpellier, France), Vienna (Hortus Botanicus

Vindobonensis -HBV; Vienna, Austria), and Bern (BOGA; Bern, Switzerland), and from stands in Serbia and

Romania (see ESM_1 at (available at http://dx.doi.org/10.6084/m9.figshare.7165261). Species names written on

& Kotschy) Carrière, Abies nebrodensis (Lojac.) Mattei, Abies nordmanniana Spach, Abies nordmanniana subsp.

equi-trojani (Asch. & Sint. ex Boiss.) Coode & Cullen, Abies numidica de Lannoy ex Carrière, Abies pinsapo

5a,b,c,e). The upper lamellae (Fig.5d) are as wide as the lower lamellae, but are shorter. Similarly to Abies

Stomata-type: Picea-type

the upper lamellae is generally straight (Figs.8b,d).
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Table 1: List of species ordered by Family/Genus/Specie name following the GBIF Backbone Taxonomy (GBIF Secretariat, 2017), and number of individuals whose stomata were analyzed in this study. Abbreviations of IUCN Red List categories: least concern (LC), near threatened (NT), vulnerable (VU), endangered (EN), critically endangered (CR), not evaluated (NE) (IUCN, 2017). * = needles collected from an isotype specimen, ¶ = needles collected from a syntype.