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Moss phyllid morphology varies systematically with substrate slope
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Background and aims�±�7UDFKHRSK\WH�OHDI�PRUSKRORJ\�LV�ZHOO�VWXGLHG�EXW�LW� LV�XQFOHDU�LI� WKH�¿QGLQJV�
generalize to poikilohydric plants. We tested combinations of hypotheses to determine if microhabitat 
characteristics, including light exposure, moisture availability, and substrate slope, controlled for 
PRUSKRORJLFDO� GL൵HUHQFHV� EHWZHHQ�XSULJKW� DQG�SURVWUDWH� JURZWK� IRUPV�� D൵HFW� SK\OOLG� VXUIDFH� DUHD� DQG�
costa length of mosses.
Material and methods�±�:H�TXDQWL¿HG�PHDQ�SK\OOLG�VXUIDFH�DUHD�DQG�FRVWD�OHQJWKV�IRU�IRXU�UHSOLFDWHV�RI�
38 moss species from Alabama. Phylogenetic comparative methods that model adaptation were used to 
evaluate the relative evidence for each hypothesis using information criteria. To further explore mechanistic 
H[SODQDWLRQV�LQYROYLQJ�VXEVWUDWH�VORSH��ZH�WHVWHG�ZKHWKHU�PRVVHV�RQ�YHUWLFDO�VXEVWUDWHV�GL൵HUHG�IURP�WKRVH�
RQ�KRUL]RQWDO�VXEVWUDWHV�LQ�WKH�DYHUDJH�DPRXQW�RI�ZDWHU�UHWDLQLQJ��QXWULHQW�ULFK�OLWWHU�WKH\�DFFXPXODWHG�
Key results – Substrate slope and growth form combined were the best predictors of phyllid surface 
area. Mosses growing on vertical substrates exhibited smaller phyllid surface area for both growth forms. 
Although growth form and phyllid length best explained costa length variation, a more complex model 
including substrate slope performed nearly as well. Within the prostrate growth forms, species growing on 
vertical substrates exhibit longer relative costa than those on horizontal substrates. We also estimated rapid 
rates of adaptation for both traits.
Conclusion – The smaller phyllid surface area of both upright and prostrate growth forms is possibly an 
DGDSWLYH�UHVSRQVH� WR� UHGXFHG�KDELWDW�PRLVWXUH�UHWHQWLRQ�RU�QXWULHQW�TXDOLW\� WKDW�YHUWLFDO�VXEVWUDWHV�R൵HU��
The longer costa lengths of prostrate mosses growing on vertical surfaces relative to prostrate mosses on 
horizontal surfaces, possibly make up for the decreased ability of smaller phyllids to rapidly reabsorb water 
when it is available. Further work is required to determine if it is truly substrate slope itself that matters or 
RWKHU�YDULDEOHV�DVVRFLDWHG�ZLWK�WKH�GL൵HUHQFHV�LQ�VORSH��DQG�WR�GHWHUPLQH�KRZ�JHQHUDO�WKLV�SKHQRPHQRQ�LV�

Keywords�±�$GDSWDWLRQ��%U\RSK\WD��FRVWD��GHVLFFDWLRQ� UHVLVWDQFH��PRUSKRPHWULFV��2UQVWHLQ�8KOHQEHFN�
process; phylogenetic comparative method; phyllid morphology; poikilohydry.
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INTRODUCTION

Bryophytes diverged from the ancestor of extant 
tracheophytes between 430 and 451 million years ago 
(Morris et al. 2018). Whereas tracheophytes developed a 
pronounced vascular system allowing them to attain large 
sizes, bryophytes remained comparatively avascular, and 
consequently much smaller. Mosses (phylum Bryophyta, 
WKH� PRVW� VSHFLRVH� QRQ�WUDFKHRSK\WH� SODQW� SK\OXP�� *H൵HUW�

et al. 2013��� H[KLELW� VLJQL¿FDQWO\� VPDOOHU� OHDI� DUHD�� OHDI�
mass per unit area, and respiration per unit dry mass of 
leaf than tracheophytes (Proctor 2000; *OLPH� ����). The 
PLQLDWXUL]HG� OHDI�OLNH� VWUXFWXUHV� RI� WKH� PRVV� JDPHWRSK\WH��
NQRZQ� DV� SK\OOLGV�� DUH� XVXDOO\� D� VLQJOH�FHOO� OD\HU� WKLFN�
DQG�PDQ\�SRVVHVV�D�PLGULE�OLNH�VWUXFWXUH�NQRZQ�DV�D�FRVWD�
(6FKR¿HOG� ����). Whereas tracheophyte leaves regulate 
water loss through the opening and closing of stomata, 
moss phyllids lack structural equivalents and thus gain or 
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lose water rapidly to equilibrate with environment water 
conditions, i.e. they are poikilohydric (Proctor & Tuba 
2002). Instead, mosses are known to employ characteristics 
such as leaf surface roughness and canopy density, that 
reduce edge exposure to minimize evaporative loss (Rice 
et al. 2001). The phyllids typically lie within the laminar 
boundary layer of the bryophyte carpet or cushion, or of 
the substrate on which it grows (Proctor 2000). Evaporative 
FRQGLWLRQV�DW�WKH�ERXQGDU\�OD\HU�EHWZHHQ�EU\RSK\WHV�WLVVXHV�
and the environment are largely determined by their growth 
IRUPV� �XSULJKW� RU� SURVWUDWH� VHQVX�/D�)DUJH�(QJODQG� �������
substrate type and exposure to moisture, light, and wind in 
their habitats (Heijmans et al. 2004).

$PRQJ� WUDFKHRSK\WHV�� OHDI� VXUIDFH�DUHD� GLUHFWO\� D൵HFWV�
important physiological processes such as photosynthetic 
H൶FLHQF\�� JDV� H[FKDQJH�� DQG� HYDSRWUDQVSLUDWLRQ� �Wright 
et al. 2004), and variation in this trait is clearly shaped by 
QLFKH�PHGLDWHG�QDWXUDO�VHOHFWLRQ��Donovan et al. 2011). Only 
D�KDQGIXO�RI�VWXGLHV��KRZHYHU��KDYH�H[DPLQHG�KRZ�VXUIDFH�
area of poikilohydric plant leaf equivalents, such as moss 
phyllids, evolve in response to correlated morphological 
and/or niche variation. Similarly to tracheophytes, moss 
SK\OOLG� VXUIDFH�DUHD�� FRVWD� OHQJWK�� DQG� FDQRS\� GHQVLW\� LQ�
some species are correlated with microhabitat irradiance 
(Waite & Sack 2010��� %RQG�/DPEHUW\� 	� *RZHUV� �������
further demonstrated higher leaf area index (LAI = leaf 
area/ground area) for boreal bryophytes, indicating an 
ecophysiological need to maximize light interception for 
SKRWRV\QWKHVLV� �:KLWHKHDG� 	� *RZHU� ������� 7KH� YHLQV� RI�
vascular plant leaves, comprising xylem and phloem bundles 
DUH� ZHOO�VWXGLHG� DQG� WKHLU� UROHV� DUH� FOHDUO\� GH¿QHG�� [\OHP�
conducts water and minerals from the roots, and phloem 
conducts photosynthates such as sucrose from the leaf. The 
moss costa, as with tracheophyte veins, is a relatively rigid 
structure compared to the overall phyllid lamina, consisting 
RI�D�WKLFN�ZDOOHG�K\SRGHUPLV�PDGH�XS�RI�HQODUJHG�JXLGH�DQG�
hydroid cells (7KRPDV�HW� DO������). Costa are known to be 
involved in limited water conductance throughout the phyllid 
lamina (Scheirer 1983; 7KRPDV�HW�DO������) and to provide 
mechanical support (9LWW�	�*OLPH�����) but other than that, 
WKHLU� IXQFWLRQDO� VLJQL¿FDQFH� LV� QRW� DV� FOHDU� DV� WKDW� RI� OHDI�
veins in tracheophytes, and very little is known regarding 
their evolution.

The present study aims to test evolutionary hypotheses, 
LQÀXHQFHG� E\� WKH� WUDFKHRSK\WH� OLWHUDWXUH�� IRU� YDULDWLRQ� LQ�
PRVV� SK\OOLG� VXUIDFH�DUHD� DQG� FRVWD� OHQJWK� DFURVV� ���PRVV�
species. The hypotheses centre around the notion that 
YDULDWLRQ� LQ� ��� JURZWK� IRUP� �SURVWUDWH� YHUVXV� XSULJKW�VWHP�
growth forms); 2) light exposure; 3) ambient moisture; and 4) 
VXEVWUDWH�VORSH�D൵HFW�DGDSWLYH�RSWLPD�IRU�WKH�WUDLWV��,QFOXVLRQ�
of the fourth characteristic is motivated by a hypothesis put 
IRUZDUG�KHUH�WKDW�PRVV�VSHFLHV�VSHFL¿FDOO\�JURZLQJ�RQ�VWHHS�
RU�YHUWLFDO� VXUIDFHV�VXFK�DV�FOL൵� IDFHV�RU� WUHH� WUXQNV�� OLNHO\�
GR�QRW�DFFXPXODWH�DV�PXFK�ZDWHU��RU�QXWULHQW�UHWDLQLQJ�OLWWHU��
Litter can improve moisture retention, and consequently 
SODQW� JURZWK�� E\� UHGXFLQJ� UXQR൵� �Dyksterhuis & Schmutz 
1947; 5DX]L� ����; Meeuwig 1970), increasing water 
LQ¿OWUDWLRQ��Weaver & Rowland 1952; Dormaar & Carefoot 
����), and reducing evaporative losses through shading (in 
the case of larger pieces of litter blocking sunlight) and the 

lowering of soil temperatures (Holland & Coleman 1987; 
Deutsch et al. 2010). Mosses, unlike tracheophytes, absorb 
their nutrients from the environments over the surface of 
the whole plant rather than just the roots (Streeter 1970). 
Using phylogenetic comparative methods based on models 
of evolution consistent with adaptation to environmental 
variables (Hansen 1997; Butler & King 2004; Hansen et 
al. 2008; Kopperud et al. 2020�� DQG� D� OLNHOLKRRG�EDVHG�
information theoretic framework (Burnham & Anderson 
2002), we test hypotheses based on all combinations of these 
growth form and microhabitat characteristics.

MATERIAL AND METHODS

Moss morphology and habitat variables as selective 
regimes

3UHYLRXV� VWXGLHV� KDYH� HVWDEOLVKHG� VWURQJ� H൵HFWV� RI� SODQW�
growth forms (e.g. Horn 1971) and microclimate mediating 
selection on tracheophyte leaves, as well as similarities 
in some trends between tracheophyte and moss leaf 
morphology and how they relate to ecosystem function (Rice 
et al. 2008, 2011, 2018; Waite & Sack 2010; Nicotra et al. 
2011; Niinemets & Tobias 2019). Motivated by these studies, 
we hypothesized that morphological and microhabitat 
characteristics of mosses, including growth form, light 
exposure (Bell 1982; *XHUUD� HW� DO�� ����; *OLPH� ����), 
ambient moisture availability (Niinemets & Tobias 2019), 
DQG� VXEVWUDWH� VORSH� H[HUW� GL൵HUHQWLDO� VHOHFWLYH� SUHVVXUHV� RQ�
moss phyllid morphology. To begin with, we a priori chose a 
list of taxa that: 1) are present in the state of Alabama where 
the authors are currently based (as reported on the Consortium 
of North American Bryophyte Herbaria Bryophyte Portal – 
CNABH 2020); and 2) are also included in the molecular 
phylogeny of 5RVH� HW� DO�� �����) (see below). We then 
combed through various sources describing microhabitat 
characteristics for many of these taxa (CNABH 2020; Shaw 
	�*R൶QHW�����; *OLPH�����; McKnight et al. 2013; Pope 
������ eFloras 2020). A major challenge with obtaining 
continuous variables from the literature is homogenizing 
the data collection procedures of various researchers, often 
OHDGLQJ�WR�ORZHU�VDPSOH�VL]HV��'LVFUHWL]DWLRQ�R൵HUV�D�VROXWLRQ�
WR�WKLV�SUREOHP�E\�HOLPLQDWLQJ�WKH�QHHG�WR�ZRUN�ZLWK�VSHFL¿F�
values, and instead using categorized ranges.

Based on the following “rules of thumb” for keywords, the 
microhabitat characteristics were divided into subcategories 
as follows: light exposure categories included fully exposed 
RU�¿OWHUHG��)XOO\�H[SRVHG�WD[D�ZHUH�WKRVH�GHVFULEHG�DV�IRXQG�
LQ�ZLGH�RSHQ�VSDFHV��VXFK�DV�PHDGRZV�RU�¿HOGV��RU�JURZLQJ�
exposed on top of boulders or described as growing in full 
sunlight. Filtered taxa were those described as being found 
directly under tree foliage, rocky outcrops, growing on tree 
WUXQNV��VKDGHG�FOL൵�VLGHV��FUHYLFHV��RU�RQ�WKH�VLGHV�RI��RU�QH[W�
WR�DQ\�PDQ�PDGH�VWUXFWXUH�FDSDEOH�RI�EORFNLQJ�VXQOLJKW��:H�
LGHQWL¿HG� WKUHH� VXEFDWHJRULHV� IRU� DPELHQW� PRLVWXUH�� PRLVW��
PRLVW�PHVLF�� RU�PHVLF��0HVLF� WD[D�ZHUH� LGHQWL¿HG� DV� WKRVH�
growing on substrates with no known water source other 
than ambient moisture of the environment and that are either 
exposed to wind and sunlight (e.g. on hardwood tree trunks 
in sparsely forested areas, or on smooth, dry rock surfaces). 
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0RLVW�PHVLF� WD[D� ZHUH� WKRVH� IRXQG� LQ� VKDGHG�� GUDLQDJH�
EDVLQV� �H�J�� GLWFKHV�� WHPSRUDU\� VWUHDPV�� ÀRRG� SODLQV�� WUHH�
hollows) that occasionally collect standing water. Moist taxa 
were those found growing on substrates that are typically 
permanently submerged in water (rivers, streams, lakes, 
swamps, marshes). Substrate slope was derived from the 
substrate categories: soil; rock; rock face; gravel; tree stump, 
tree base; tree trunk and tree branches or fallen tree branches 
along with our observations of the sample to classify our 
species into one of two substrate slope categories. Vertical 
substrates include upright tree trunks, rock faces, walls and 
branches or tree bases with steep angles (above ~45 degrees). 
Horizontal substrates include soil, gravel, tree stumps, and 
rocks, branches and tree bases with shallow angles (below 
~45 degrees). The species for analysis were chosen a priori 
IURP� WKH� DERYH�PHQWLRQHG� VKRUWOLVW� WR� PD[LPL]H� EDODQFH�
between the number of species in each growth type and 
DFURVV�WKH�GL൵HUHQW�PLFURKDELWDW�TXDOLWLHV�

Hypotheses testing with adaptation-inertia phylogenetic 
comparative analysis 

Modern phylogenetic comparative methods, based 
on appropriate evolutionary process models, provide 
powerful statistical tools for testing adaptive hypotheses 
for trait evolution across related groups of species whilst 
simultaneously controlling for potential pseudoreplication 
through common inheritance. Here, we use a suite of 
comparative methodologies (Hansen et al. 2008; Bartoszek 
et al. 2012; Kopperud et al. 2020�� EDVHG� RQ� DQ� 2UQVWHLQ�
8KOHQEHFN� �28�� SURFHVV� WKDW� XVHV� D� OLNHOLKRRG�EDVHG�
information criteria framework (Burnham & Anderson 
2002; Butler & King 2004��WR�FRPSDUH�XVHU�GH¿QHG�DGDSWLYH�
DQG� QRQ�DGDSWLYH� PRGHOV� RI� WUDLW� HYROXWLRQ�� 7KH� PRGHOV�
underlying these methods assume that species trait values are 
FORVH�WR�DGDSWLYH�¿WQHVV�SHDNV�DQG�WKHQ�PRGHO�WKH�PRYHPHQW�
of these peaks as a function of various hypothesized 
selective regimes. Traits can be univariate or multivariate 
continuous morphological or gene expression measures. 
The methods then test whether groups of species living in 
GLVWLQFW� QLFKHV� VKRZ� V\VWHPDWLF� GL൵HUHQFHV� LQ� WKH� SRVLWLRQ�
of their adaptive peaks by estimating a “primary optimum”, 
GH¿QHG�DV�WKH�DYHUDJH�RSWLPXP�UHDFKHG�E\�ODUJH�QXPEHUV�RI�
VSHFLHV�HYROYLQJ�LQGHSHQGHQWO\�IRU�D�ORQJ�WLPH�LQ�D�VSHFL¿F�
QLFKH� VR� WKDW� WKH� H൵HFWV� RI� DOO� VHFRQGDU\� IDFWRUV� DYHUDJH�
RXW�� 'L൵HUHQFHV� LQ� WKH� SULPDU\� RSWLPD� UHÀHFW� V\VWHPDWLF�
LQÀXHQFHV� RI� GL൵HUHQW� QLFKHV� RQ� WKH� SRVLWLRQV� RI� DGDSWLYH�
peaks (Hansen 2012). The methods provide a rich modelling 
framework and are capable of discerning hypotheses of 
HYROXWLRQ� E\� GULIW�� ÀXFWXDWLQJ�� GLUHFWLRQDO�� VWDELOL]LQJ� DQG�
UHFLSURFDO�VHOHFWLRQ�DQG�SDUDOOHO�HYROXWLRQ�IURP�LQWHUVSHFL¿F�
data using various information criteria. 

The following hypotheses were set up as competing 
evolutionary explanations for variation in phyllid surface area 
and costa length: i) the traits accumulate changes randomly 
over time with respect to the adaptive hypotheses such that 
their evolution can be approximated by a Brownian motion 
process; ii) a single global adaptive optimum exists such that 
changes in trait values are constrained by stabilizing selection 
around this optimum; or the traits evolve towards and are 
VWDELOL]HG�DURXQG�GL൵HUHQW�DGDSWLYH�RSWLPD�WKDW�DUH�D൵HFWHG�

E\�� �LLL�� WKH� WZR�GL൵HUHQW� JURZWK� W\SHV� �VXSSOHPHQWDU\�¿OH�
�$��� �LY�� WKH� WZR� OLJKW�H[SRVXUH�QLFKHV� �VXSSOHPHQWDU\�¿OH�
2B); (v) the three ambient moisture niches (supplementary 
¿OH� �&��� YL�� WKH� WZR� VXEVWUDWH� VORSH�QLFKHV� �VXSSOHPHQWDU\�
¿OH� �'��� �YLL�� DOO� SDLUZLVH� FRPELQDWLRQV� RI� QLFKH�
FKDUDFWHULVWLFV���YLLL��DOO�WKUHH�ZD\�FRPELQDWLRQV�RI�WKH�QLFKH�
FKDUDFWHULVWLFV�� DQG� L[�� D� IRXU�ZD\� FRPELQDWLRQ� RI� JURZWK�
form, light exposure, ambient moisture and substrate slope. 
For costa length we also include phyllid length as a covariate 
WKDW�D൵HFWV�DGDSWLYH�RSWLPD�IRU�FRVWD�OHQJWK�

Moss samples

:H� FROOHFWHG� IRXU� VSHFLPHQV� IRU� HDFK� RI� WKH� ��� GL൵HUHQW�
moss species, chosen as described above. Most samples 
ZHUH� FROOHFWHG� E\� WKH� DXWKRUV� RQ� SXEOLFO\�DFFHVVLEOH� ODQGV�
in the state of Alabama from June 2018 until May 2020. 
7KH� FOLPDWH� RI� $ODEDPD� LV� FODVVL¿HG� XQGHU� WKH� .|SSHQ�
FOLPDWH� FODVVL¿FDWLRQ� V\VWHP� DV� KXPLG� VXEWURSLFDO� �Belda 
et al. 2014). Alabama experiences yearly temperature 
averages of 17.4°C. It has long, hot, humid summers 
�-XQH� WR� 6HSWHPEHU��� DYHUDJLQJ� �����&�� DQG� PLOG� WR� FROG�
winters (December to March), averaging 8.1°C (Herbert & 
Caudill 2012�� DQG� DQ� DYHUDJH� UHODWLYH� KXPLGLW\� RI� �������
To validate the general ecological niche categories for 
our specimens, we cross referenced our own sampling 
observations with the categorical descriptions derived from 
¿HOG�JXLGHV�DQG�WH[W�ERRNV��8SRQ�SUHOLPLQDU\�LGHQWL¿FDWLRQ�
LQ� WKH� ¿HOG�� WKH� VDPSOHV� ZHUH� EURXJKW� EDFN� WR� WKH� ODE� IRU�
GH¿QLWLYH�LGHQWL¿FDWLRQ�EDVHG�RQ�PLFURVFRSLF�IHDWXUHV�XVLQJ�
GLFKRWRPRXV� LGHQWL¿FDWLRQ� NH\V� �McKnight et al. 2013; 
Vitt & Buck 2019). Some specimens for analysis were 
obtained from the Herbarium at the University of Alabama 
�81$��� HLWKHU� EHFDXVH� ZH� FRXOG� QRW� ¿QG� DQ\� LQ� WKH� ¿HOG��
or to bump up replicate numbers to four for each species 
�VHH�VXSSOHPHQWDU\�¿OH���IRU�OLVW�RI�KHUEDULXP�VSHFLHV���7KH�
established protocol for bryophyte herbarium collections uses 
air drying with light pressure, and is designed to preserve the 
distinctive leaf shape of bryophytes (Flowers et al. 1945). 
In addition, insects rarely attack bryophyte herbarium 
specimens. Together, these facts suggest that moss herbarium 
VSHFLPHQV�GR�QRW� VLJQL¿FDQWO\�GL൵HU�PRUSKRORJLFDOO\� IURP�
their fresh counterparts (see also Espinosa & Pinedo Castro 
2018���7R�YDOLGDWH�WKLV�DVVXPSWLRQ��ZH�SHUIRUPHG�W�WHVWV�RQ�
the mean area and phyllid length for species that include both 
fresh and herbarium specimens. These tests did not reveal 
VLJQL¿FDQW�GL൵HUHQFHV��VHH�VXSSOHPHQWDU\�¿OH����

Litter accumulation between vertical and horizontal 
substrates

The rationale behind our substrate slope hypothesis is that 
mosses growing on horizontal substrates, irrespective of 
JURZWK�IRUP��PD\�DFFXPXODWH�PRUH�PRLVWXUH�UHWDLQLQJ�DQG�
RU� QXWULHQW�ULFK� OLWWHU� WKDQ� PRVVHV� RQ� YHUWLFDO� VXEVWUDWHV��
To validate this assumption, we collected three fresh moss 
specimens from three randomly chosen species per category 
under consideration (i.e. horizontal substrate, upright growth 
forms: Rosulabyrum capillare, Fissdens bryoides, Dicranella 
heteromalla; vertical substrate, upright growth forms: 
Barbula orizenbensis, Bryum pseuodoquetrium, Schistidium 
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apocarpum; horizontal substrate prostrate growth forms: 
Anomodon attenuatus, Campyliadelphus chrysophyllus, 
Schwetschkeopsis fabronia, and vertical substrate, upright 
growth forms: Amblystegium varium, Brachythecium 
oxycladon, Pylaisia selwynii) and measured out 4.3 cm3 of 
material from each moss specimen. The moss material was 
SODFHG�RQ�¿OWHU�SDSHU�DQG�DOORZHG�WR�GU\�LQ�DQ�LQFXEDWRU�DW�
���&�IRU���KRXU��$IWHUZDUG��WKH�PDWHULDO�ZDV�JHQWO\�ZDVKHG�
ZLWK����PO�RI�',�ZDWHU�E\�SODFLQJ�WKH�¿OWHU�SDSHU�LQ�D�JODVV�
IXQQHO��:DVKHG�PRVV�PDWHULDO�ZDV� UHPRYHG� IURP� WKH�¿OWHU�
paper using forceps, and only organic debris was allowed to 
UHPDLQ��7KH�¿OWHU�SDSHU�ZDV�UHWXUQHG�WR�WKH�LQFXEDWRU�WR�GU\�
RXW�DW����&�IRU���KRXU�WKHQ�SODFHG�RQ�PLFUREDODQFH�WR�UHFRUG�
WKH�GU\�PDVV�RI�RUJDQLF�GHEULV��:H�WHVWHG�IRU�GL൵HUHQFHV�LQ�
PXOFK� DFFXPXODWLRQ� DFURVV� WKH� IRXU� GL൵HUHQW� QLFKHV� XVLQJ�
RQH�ZD\�$129$�� DQG� XVHG� 7XNH\¶V� SRVW� KRF� WHVWV� IRU� DOO�
pairwise comparisons.

Imaging and measurement protocols

)UHVK�PRVV� VDPSOHV� FROOHFWHG� IURP� WKH� ¿HOG�ZHUH� DOORZHG�
to air dry for 48–72 hours prior to measurement. In general, 
bryophytes are known to equilibrate rapidly with their 
surrounding environmental moisture and have the ability to 
survive desiccation for prolonged periods of time (Proctor et 
al. 2007). Both fresh samples and herbarium samples were 
subjected to the same rehydration protocol (dropping 1 ml of 
DI H2O on top of moss sample and allowing to equilibrate for 

5 min. prior to photography). We visually inspected branches 
for signs of heteroblasty and took care not to sample any 
perichaetal leaves if observed. Other than that, ten hydrated 
PRVV� SK\OOLGV� UDQGRPO\� VHOHFWHG� IURP� GL൵HUHQW� EUDQFKHV�
from each of four individual plants for each species were 
imaged with an Olympus SC180 18MP camera attached to 
DQ� 2O\PSXV� 6=;��� GLVVHFWLQJ� PLFURVFRSH� DW� ��î� WR� ��î�
PDJQL¿FDWLRQ�� $129$� UHYHDOHG� QR� V\VWHPDWLF� EUDQFK� RU�
VSHFLPHQ� UHODWHG� GL൵HUHQFH� LQ� OHDI� VKDSH� RU� VL]H� ZLWKLQ� D�
VSHFLHV� �VHH� VXSSOHPHQWDU\� ¿OH� ���� 3K\OOLG� DUHD� �PP2) and 
FRVWD� OHQJWK� �PP�� ZHUH� TXDQWL¿HG� XVLQJ� ,PDJH-� VRIWZDUH�
(Schneider et al. 2012). Phyllid length was measured from 
lamina apex to the point of intersection of the lamina with 
the stem axis as per established protocols (Cho et al. 2007; 
Rouphael et al. 2010���VHH�¿J����IRU�H[DPSOHV�RI�WKH�GL൵HUHQW�
leaf morphologies measured).

Phylogenetic comparative analysis

5RVH� HW� DO�� �����) provides a maximum likelihood, time 
calibrated phylogeny based on a supermatrix approach 
for 3121 moss species constructed from sequenced data 
for 21 loci including 14 plastid markers, 5 mitochondrial 
markers, and 2 ribosomal markers. Time calibrations were 
performed with penalized likelihood based on 12 secondary 
date ranges obtained from recent estimates in the literature 
as well as fossil data (5RVH� HW� DO�� ����). We pruned the 
tree down to the 38 species found in our dataset using the 

Figure 1�±�([DPSOHV�RI�W\SLFDO�OHDI�PRUSKRORJ\�IRU�VSHFLHV�FODVVL¿HG�DV��KRUL]RQWDO�VXEVWUDWH��XSULJKW�JURZWK�IRUP���Aulcomnium palustre 
(A���YHUWLFDO�VXEVWUDWH��XSULJKW�JURZWK�IRUP���Schistidium Apocarpum (B���KRUL]RQWDO�VXEVWUDWH��SURVWUDWH�JURZWK�IRUP���Schwetschkeopsis 
fabronia (C���DQG�YHUWLFDO�VXEVWUDWH��SURVWUDWH�JURZWK�IRUP���Amblystegium varium (D). 
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Figure 2 ±�3UXQHG�5RVH�HW�DO���������SK\ORJHQ\�VKRZLQJ�WKH�VXEVWUDWH�VORSH�FDWHJRULHV�FRPELQHG�ZLWK�WKH�XSULJKW�RU�SURVWUDWH�JURZWK�IRUPV�
reconstructed on the phylogeny with maximum likelihood (see main text for ancestral state reconstruction details). The scale bar is in millions 
of years, and the total tree height is ~ 433 million years.
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“keep.tips” function in the ape package (Paradis et al. 2004) 
for the R statistical environment (R Core Team 2013), 
which maintains the branch lengths estimated by Rose 
HW� DO�� �����). The hypothesized selective regimes were 
reconstructed on the phylogeny using maximum likelihood 
�¿J����DQG�VXSSOHPHQWDU\�¿OH����VR�DV�WR�SURYLGH�HVWLPDWHV��
contingent on the 5RVH� HW� DO�� �����) phylogeny, of how 
long each lineage spent evolving in a given niche. We used 
WKH� FRQWLQXRXV�WLPH� 0DUNRY� PRGHO� IRU� GLVFUHWH� FKDUDFWHU�
evolution (Pagel 1999) as implemented in the ape package 
for this purpose. For each regime, we contrasted the simplest 
possible transition rate model (i.e. equal rates of transition 
for all states) with alternatives encompassing various degrees 
of complexity depending on the number of niches and types 
of change. Models were favoured based on information 
criteria (Burnham & Anderson 2002) and their ability to fully 
resolve all nodes. Scaled likelihoods at each node were used 
to specify a given niche in the preceding branch, selecting 
the ancestral state with highest probability. 

Primary optima sensu Hansen (1997) for log transformed 
phyllid surface area and costa length were modelled on 
the hypothesized selective regimes using the R package 
VORXFK� �6WRFKDVWLF� /LQHDU� 2UQVWHLQ�8KOHQEHFN� PRGHOV�
for Comparative Hypotheses) (Kopperud et al. 2020), 
that includes methods capable of modelling adaptation 
towards primary optima that are dependent on changing 
environmental variables. These methods assume that the 
traits of interest for groups of species in the same niche evolve 
WRZDUGV�� RU� DUH� NHSW� DW� D� SULPDU\� QLFKH� RSWLPXP�� ș�� �WKH�
average expected trait value for numerous species evolving 
in that niche if adaptation were instantaneous). These niche 

Figure 3 – Bar chart showing means and standard errors of 
accumulated organic litter mass for vertical versus horizontal 
substrates nested within upright and prostrate growth forms.

optima can then be estimated using: current species mean 
WUDLW�YDOXHV��DQ�HVWLPDWH�RI�KRZ�PXFK�WLPH�GL൵HUHQW�OLQHDJHV�
VSHQW� LQ� GL൵HUHQW� QLFKHV� �WKH� OLNHOLKRRG� UHFRQVWUXFWLRQ� RI�
past niches on the phylogeny), and a mathematical model 
�EDVHG� RQ� DQ� 2UQVWHLQ�8KOHQEHFN� SURFHVV�� WKDW� DOORZV�
for trait values to move towards changing niche optima 
WKURXJK� WLPH�DW� D� UDWH�GHWHUPLQHG�E\�D�SDUDPHWHU�Į��7KH�Į�
parameter can be interpreted more easily by transforming it 
WR�D�³SK\ORJHQHWLF�KDOIဨOLIH´��W1/2  �OQ����Į���7KH�SK\ORJHQHWLF�
KDOI�OLIH�KDV�WKH�VDPH�XQLWV�DV�WKH�SK\ORJHQ\�EUDQFK�OHQJWKV�
(i.e. is on a linear scale rather than the exponential scale that 
WKH�Į�SDUDPHWHU�LV�RQ��DQG�LQ�WKLV�FDVH�WKH�XQLWV�DUH�PLOOLRQV�
RI�\HDUV����DQG�PHDVXUHV�KRZ�ORQJ�LW�WDNHV�IRU�WKH�LQÀXHQFH�
of half the ancestral trait values to “decay” as they adapt to 
new niches (i.e. a measure of phylogenetic inertia). Small 
KDOI�OLYHV�UHODWLYH�WR�WKH�WUHH�KHLJKW�LQGLFDWH�UDSLG�DGDSWDWLRQ�
WR� QHZ� QLFKHV� ZKHUHDV� ORQJHU� KDOI�OLYHV� LQGLFDWH� OLQJHULQJ�
phylogenetic inertia (Hansen et al. 2008). The relative 
support for hypothesized models for traits evolution can be 
FRPSDUHG� WR�HDFK�RWKHU�XVLQJ� OLNHOLKRRG�EDVHG� LQIRUPDWLRQ�
criteria (Burnham & Anderson 2002; Butler & King 2004).

RESULTS

Mulch accumulation on horizontal and vertical 
substrates

0XOFK� DFFXPXODWLRQ� ZDV� VLJQL¿FDQWO\� GL൵HUHQW� DPRQJVW�
vertical and horizontal substrates nested within upright 
DQG�SURVWUDWH�JURZWK�IRUPV��2QH�:D\�$129$��)� ��������
S� �� ������ ¿J�� ���� $� SRVW�KRF� 7XNH\¶V� WHVW� IRU� PXOWLSOH�
comparisons shows that horizontal upright forms accumulate 
VLJQL¿FDQWO\� PRUH� PXOFK� WKDQ� YHUWLFDO� XSULJKW� IRUPV� �S�
< 0.001) and similarly that horizontal prostrate forms 
DFFXPXODWH�VLJQL¿FDQWO\�PRUH�PXOFK� WKDQ�YHUWLFDO�SURVWUDWH�
IRUPV��S� ���������VHH�VXSSOHPHQWDU\�¿OH���IRU�DOO�SDLUZLVH�
comparisons).

Phylogenetic comparative analysis model selection

The AICc scores (table 1) demonstrate that i) the variation 
LQ� ORJ�WUDQVIRUPHG� SK\OOLG� DUHD� LV� EHVW� H[SODLQHG� E\� WKH�
combined growth form and substrate slope hypothesis (AICc 
 ��������ZKHUH�����RI�WKH�YDULDWLRQ�LQ�WKH�WUDLW�LV�H[SODLQHG�
by this combination, and ii) whereas growth form with 
phyllid length included as a randomly evolving covariate 
was the best model for costa length (AICc = 554.78, r2 = 
�����D�PRGHO�RI�FRPELQHG�JURZWK�IRUP�DQG�VXEVWUDWH�VORSH�
along with phyllid length as a random covariate was within 
one AICc unit of the best model (AICc = 555.32, r2� ��������
$,&F�XQLWV�GL൵HUHQFH�LV�LQGLFDWLYH�RI�OHVV�VXSSRUWHG�PRGHOV�
in this framework).

Best model parameter estimates

7KH�HVWLPDWHG�SK\ORJHQHWLF�KDOI�OLIH��W1/2), stationary variance 
(vy���DQG�SULPDU\�RSWLPD��ș��IRU�WKH�WZR�EHVW�PRGHOV�DQG�WKH�
VHFRQG�EHVW�PRGHO�IRU�FRVWD�OHQJWK��VHH�DERYH�IRU�ZK\�LW�LV�
included) are given in table 2. We note that these estimates 
are contingent on the 5RVH�HW�DO�������) phylogeny topology 
and branch lengths and the ancestral state reconstructions. 
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Standard errors for primary optima are included in table 2 
whereas estimation accuracy for the t1/2 and vy parameters 
DUH�JLYHQ�DV�D� MRLQW� ORJ�OLNHOLKRRG�VXSSRUW�VXUIDFH�LQ�¿J�����
The best t1/2� HVWLPDWH� IRU� WKH� ORJ�WUDQVIRUPHG� SK\OOLG� DUHD�
was essentially zero, indicating rapid adaptation of this trait 
to new niches. The best t1/2 estimate for costa length was 
less than one million years for both the best and second best 
models, which relative to the tree height of 433 million years 
can be considered fast adaptation with little phylogenetic 
inertia. Simulation experience (Hansen et al. 2008) has 
WDXJKW� XV� WKDW� ZKHQ� WUXH� SK\ORJHQHWLF� KDOI�OLIH� YDOXHV� DUH�
small, variation in tree topology, branch lengths, and internal 
QRGH� VWDWHV� W\SLFDOO\�GR�QRW� D൵HFW� WKH� HVWLPDWHV�PXFK�� DQG�
DOVR� WKDW� ZKHQ� WUXH� KDOI�OLIH� YDOXHV� DUH� ODUJH�� LW� LV� KLJKO\�
XQOLNHO\�WKDW�VPDOO�KDOI�OLYHV�ZLOO�EH�HVWLPDWHG��7KH�SULPDU\�
optima of the best models for costa length are analogous to a 

common slopes ANCOVA, where estimated primary optima 
DUH�UHJUHVVLRQ�OLQHV��WKHVH�DUH�SORWWHG�LQ�¿J���$�IRU�WKH�PRGHO�
RI� JURZWK� IRUP� �� SK\OOLG� OHQJWK� DQG� ¿J�� �%� IRU� JURZWK�
form + substrate slope + phyllid length). The latter shows a 
FOHDU�GL൵HUHQFH�EHWZHHQ�SURVWUDWH�JURZWK�IRUPV�JURZLQJ�RQ�
vertical surfaces versus those on horizontal surfaces, but the 
VDPH� GLVWLQFWLRQ� LV� QRW� VLJQL¿FDQW� DPRQJVW� XSULJKW� JURZWK�
forms.

DISCUSSION 

Mosses are an understudied group of miniaturized plants that 
can potentially increase understanding of the extensive plant 
form/function relationships described for tracheophytes. 
Amongst tracheophytes, particularly the angiosperms, it 
is generally assumed that the highly variable leaf shapes 

Ln (Phyllid area) ~ niche Costa length ~ niche + pl

Hypotheses (niche categories) AICc r2 AICc r2

Phyllid length (pl) 577.28 0.91
Growth form (upright or prostrate) 20.74 0.27 554.78 0.91
/LJKW��RSHQ�RU�¿OWHUHG� 31.81 0.00 578.81 0.85
Moisture (moist, moist-mesic, or mesic) 33.38 0.03 581.33 0.85
Substrate (vertical or horizontal) 23.59 0.20 575.75 ����
Growth form + Light 24.05 0.30 ������ 0.92
Growth form + Moisture 30.97 0.31 ������ 0.93
Growth form + Substrate 18.25 0.42 555.32 0.93
Light + Moisture 39.15 0.27 592.01 0.88
Light + Substrate ����� 0.23 579.77 ����
Moisture + Substrate 30.97 0.31 ������ 0.93
Growth form + Light + Moisture ����� 0.33 ������ 0.94
Growth form + Light + Substrate ����� 0.44 ������ 0.94
Light + Substrate + Moisture ����� 0.30 ������ 0.90
Moisture + Substrate + Growth form 38.11 0.44 572.20 0.94
Growth + Light + Moisture + Substrate ����� 0.50 ������ ����

Table 1 – AICc (small sample size corrected Akaike Information Criteria) support and variance explained (r2) for hypotheses. Lower AICc 
scores indicate higher support. For ln(Phyllid area) a model with substrate slope combined with growth form performed best (values in bold), 
DQG�DOO�RWKHU�PRGHOV�ZHUH�RXWVLGH�RI�WZR�$,&F�XQLWV�RI�WKH�ORZHVW�$,&F�VFRUH��)RU�FRVWD�OHQJWK��GL൵HUHQW�JURZWK�IRUPV�ZDV�WKH�EHVW�PRGHO��
but the more parameter rich substrate slope combined with growth form model was only ~0.5 AICc units higher than the best model and 
therefore cannot be excluded. Note that all models for costa length include phyllid length (pl) as a covariate to control for overall phyllid 
VL]H�GL൵HUHQFH�H൵HFWV�

Table 2�±�3DUDPHWHU�HVWLPDWHV�IRU�WKH�SK\ORJHQHWLF�KDOI�OLYHV��W1/2), stationary variance (vy���SULPDU\�RSWLPD��ș���DQG�RSWLPDO�DQG�HYROXWLRQDU\�
VORSHV��ȕ��IRU�WKH�EHVW�PRGHOV�IRU�HDFK�WUDLW� Support for the primary optima and covariate slopes are given as standard errors whereas joint 
support surfaces for t1/2 and vy�DUH�JLYHQ�LQ�¿J����

Trait
șupright șProstrate

t1/2 vy șAH ± s.e. șAV ± s.e. șPH ± s.e. șPV ± s.e. ȕoptimal ± s.e.

Ln(Phyllid area) 0.00 ���� ����������� 5.43 ± 0.11 5.40 ± 0.07 5.21 ± 0.08 �

Costa length (1) 0.78 88107 435 ± 155 �����± 89.9 0.74 ±�����

Costa length (2) 0.43 81730 ����± 205 ����± 154 �����± 110 �����± 111 0.75 ± 0.07
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Figure 4 – /RJ�OLNHOLKRRG� �\�D[LV�� VXSSRUW� VXUIDFHV� IRU� WKH�
SK\ORJHQHWLF�KDOI�OLIH�DQG�VWDWLRQDU\�YDULDQFH�SDUDPHWHUV�IRU��SK\OOLG�
leaf area modelled on growth form and substrate slope (A), costa 
length modelled on growth form and phyllid length (B), and costa 
length modelled on growth form, substrate slope and phyllid length 
(C���7KH�VXUURXQGLQJ�ÀDW�VXUIDFHV�GHSLFW�YDOXHV�WKDW�IDOO�RXWVLGH�RI�
WKH���XQLW�VXSSRUW�UHJLRQ�

UHÀHFW�QDWXUDO�VHOHFWLRQ�RSHUDWLQJ�RQ�WKHLU�IXQFWLRQ��6HYHUDO�
hypotheses have been proposed to explain leaf shape 
diversity in tracheophytes, including thermoregulation, 
hydraulic constraints, patterns of leaf expansion in deciduous 
species, biomechanical constraints, adaptations to avoid 
herbivory, and adaptations to optimize light interception 
(Nicotra et al. 2011). 

,Q� WKLV� VWXG\�� VXEVWUDWH� VORSH�ZDV� IRXQG� WR� VLJQL¿FDQWO\�
D൵HFW� WKH� SULPDU\� DGDSWLYH� RSWLPD� IRU� SK\OOLG� VXUIDFH� DUHD�
for both types of growth form. Although the upright growth 
form mosses in this study on average exhibit larger phyllid 
surface areas than the prostrate mosses (similarly to the 
study of Niinemets & Tobias 2019), species within each 
JURZWK� IRUP� ZHUH� IRXQG� WR� H[KLELW� VLJQL¿FDQWO\� VPDOOHU�
phyllid surface areas when growing on vertical substrates 
than those that grow on horizontal substrates. Furthermore, 
within the prostrate growth form mosses, species growing on 
YHUWLFDO� VXUIDFHV� H[KLELW� VLJQL¿FDQWO\� ORQJHU� UHODWLYH� FRVWD��
*URZWK� IRUP�ZDV� LQFOXGHG� DV� D� IDFWRU� SULPDULO\� WR� FRQWURO�
IRU�WKH�D�SULRUL�REVHUYHG�GL൵HUHQFHV�LQ�SK\OOLG�PRUSKRORJLHV�
associated with upright and prostrate growth forms. Below 
we discuss possible reasons for why our other hypotheses 
did not pan out as well as some potential means by which 
substrate slope may select for smaller phyllid surface areas 
DPRQJVW� ERWK� JURZWK� IRUPV�� KRZ� LW� PLJKW� D൵HFW� UHODWLYH�
costa length within the prostrate growth forms, and how 
WKHVH�UHVXOWV� UHODWH� WR�¿QGLQJV�DPRQJVW� WUDFKHRSK\WHV��)LUVW�
however, a note on the potential role of phenotypic plasticity 
for the traits under consideration as a caveat and how it may 
LPSDFW�WKH�VHOHFWLRQ�EDVHG�DUJXPHQWV�

Although our trait measurements are averaged over four 
GL൵HUHQW� LQGLYLGXDOV� IRU�HDFK�VSHFLHV��ZH� UHFRJQL]H� WKDW�DOO�
our samples come from the state of Alabama whereas most 
of the study species have far wider distributions. Seeing as 
HQYLURQPHQWDO�SODVWLFLW\�LQ�PRVVHV�LV�FRPPRQ��DQG�FDQ�D൵HFW�
both phyllid size and costa length, there is no guarantee that 
our measures are the typical or most representative for each 
species. Our adaptive reasoning below should therefore be 
seen in terms of hypotheses that need testing with more 
data points across a wider range before they can be seen as 
conclusive.

Our light exposure model performed extremely poorly 
relative to other models for both phyllid surface area and 
costa length, and in both cases explained the least variance 
(r2 = 0.00 in the case of phyllid surface area). We note 
KRZHYHU� WKDW� RXU� FDWHJRULHV� IRU� OLJKW� H[SRVXUH�� ¿OWHUHG�
OLJKW� YV� XQ¿OWHUHG� LV� H[WUHPHO\� FRXUVH� DQG� DW� SUHVHQW� LW� LV�
unclear how well it correlates with microhabitat irradiance or 
whether it correlates with light interception, which would be 
more relevant for plant growth, but also more complicated to 
PHDVXUH�DQG�WKH�ODWWHU�LV�D൵HFWHG�E\�QXPHURXV�RWKHU�IDFWRUV��
including substrate slope. Waite & Sack (2010�� TXDQWL¿HG�
PLFURKDELWDW�LUUDGLDQFH�DV�WKH���RI�SKRWRV\QWKHWLFDOO\�DFWLYH�
radiation above the moss colony relative to open habitat for 
ten Hawaiian moss species using matched quantum sensors 
�L�H�� DOO� WKHLU�PRVVHV�ZHUH� IRXQG� LQ� ¿OWHUHG� KDELWDWV���7KH\�
IRXQG� D� ���IROG� GL൵HUHQFH� DFURVV� WKH� VSHFLHV� LQ� KDELWDW�
irradiance and that individual phyllid area was negatively 
correlated with irradiance. :DLWH� 	� 6DFN¶V� �����) results 
suggest that much of the variation in light use may lay within 
WKH� ¿OWHUHG� YV� RSHQ� OLJKW� H[SRVXUH� FDWHJRULHV� UDWKHU� WKDQ�
between them, suggesting that future work should quantify 
PLFURKDELWDW� LUUDGLDQFH� GL൵HUHQFHV� ZLWKLQ� HDFK� FDWHJRU\��
Waite & Sack (2010��GLG�QRW��KRZHYHU��¿QG�DQ\�UHODWLRQVKLS�
between costa length and irradiance, but rather that costa 
length was correlated with phyllid lenght/width ratio, 
indicating their role in structural support of longer leaves.
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Figure 5 – Common slope ANCOVAs for: costa length modelled on growth form (upright = dashed line, prostrate = solid line) and phyllid 
length (A), and costa length modelled on growth form (upright = blue lines, prostrate = black lines), substrate slope (vertical = solid lines, 
horizontal = dashed lines) and phyllid length (B).

� *LYHQ� WKHLU� SRLNLORK\GULF� QDWXUH�� ZH� IXUWKHU�
K\SRWKHVL]HG� WKDW� DPELHQW�PRLVWXUH� FRXOG� H[HUW� GL൵HUHQWLDO�
selection on leaf surface area and costa lengths, but as with 
light exposure, this model did not perform well relative 
to the best models. Water restriction is one of the major 
limitations for growth and survival of photosynthetic 
organisms ()HUQDQGH]�0DULQ� HW� DO�� ����). Tracheophytes 
DQG� SRLNLORK\GULF� SODQWV� XVH� GL൵HUHQW� VWUDWHJLHV� WR� FRSH�
with water restrictions. For tracheophytes, their more 
sophisticated vascular system, waxy cuticles, and stomatal 
DSHUWXUHV�JXDUG�DJDLQVW�HYDSRUDWLYH�ORVV��VLJQL¿FDQWO\�HDVLQJ�
WKH�EXUGHQ�RI� WKH� WUDGHR൵�EHWZHHQ�SKRWRV\QWKHWLF�DUHD�DQG�
evaporative loss (Franks & Brodribb 2005). In the case of 
PRVVHV�� HYDSRUDWLYH� ORVV� SODFHV� D� VLJQL¿FDQW� FRQVWUDLQW� RQ�
the size of moss leaves, necessitating a much smaller phyllid 
area to mass ratio (Waite & Sack 2010). Some mosses in 
desert environments, for example, demonstrate greater 
limitations in terms of phyllid surface area compared to 
mosses in aquatic habitats (Frahm 1978; Priddle 1979).

We further showed that the horizontal substrates 
DFFXPXODWH� VLJQL¿FDQWO\� PRUH� OLWWHU� WKDQ� YHUWLFDO� RQHV��
Haughian & Frego (2017) tested the connection between 
substrate moisture retention and moss growth. They found 
that surface humidity was positively associated with organic 
debris. In addition, moss species richness and growth have 

EHHQ� IRXQG� WR� EH� SRVLWLYHO\� FRUUHODWHG�ZLWK� VXEVWUDWH�OHYHO�
PRLVWXUH�DQG�QHJDWLYHO\�FRUUHODWHG�ZLWK�WHPSRUDO�ÀXFWXDWLRQV�
in substrate level moisture (2EHUQGRUIHU� ����; Stewart & 
0DOOLN� �������7RJHWKHU�� WKHVH� ¿QGLQJV� VXJJHVW� WKDW�PRVVHV�
DUH� KLJKO\� GHSHQGHQW� RQ� WKH� LPPHGLDWH�PLFUR�KXPLGLW\� RI�
their substrates, which in turn is modulated by the degree 
of moisture retaining litter they accumulate. All else being 
equal, vertical substrates should drain more rapidly than 
horizontal ones, and given that accumulated litter acts as a 
PRLVWXUH�UHWDLQLQJ�PXOFK��YHUWLFDO�DQG�KRUL]RQWDO� VXEVWUDWHV�
DUH�H[SHFWHG�WR�GL൵HU�LQ�WKH�UDWH�DW�ZKLFK�ZDWHU�GUDLQV�IURP�
the microhabitat. Our models that included substrate slope 
along with growth form outperformed all others tested here 
for phyllid surface area. We suggest that one possible reason 
for the smaller surface areas exhibited by mosses growing 
RQ� YHUWLFDO� VXEVWUDWHV� UHÀHFW� WKH� LQDELOLW\� RI� SRLNLORK\GULF�
mosses to generate increased photosynthetic surface area 
without increasing net evaporative water loss, a factor 
compounded by rapid water drainage from the substrate. 
However, the opposite problem arises when it is time to 
reabsorb water from the environment, where a larger surface 
area would be more advantageous. Below we discuss how 
the costa may play a role in mitigating this problem. 

There is some evidence that leaf costa serve to conduct 
water in moss phyllids from apex to base and vice versa 
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similar to leaf veins in tracheophytes (9LWW�	�*OLPH�����). 
Thus far, evidence that relative costa length evolves in 
response to niche conditions has been lacking (Proctor 1979; 
*OLPH�����). Our best model for costa length was one where 
adaptive optima were modelled on a combination of growth 
form and phyllid length. On average, for a given phyllid 
length, costa length were longer in upright than prostrate 
growth forms, and all species with no costa were prostrate 
JURZWK� IRUPV� LQ� WKLV� VWXG\� �¿J�� �$���7KH� SURVWUDWH� JURZWK�
form species studied here all also have much shorter phyllid 
lengths, suggesting that either water transport, or structural 
support provided by the costa are less important for this 
growth form. Water conductance in mosses, especially the 
prostrate growth forms studied here, that all belong to the 
Hypnales order within the homocostate pleurocarps, is 
known to be enhanced by various morphological features 
including phyllid lamellae, papillae, mammillae, paraphylia, 
UKL]RLGV��D[LOODU\�KDLUV��DQG�GL൵HUHQWLDWHG�DODU�FHOOV��Proctor 
1979, 1982), and future studies should account for these 
when further examining the hypothesis put forward here.

Furthermore, Huttunen et al. (2018) argue that i) since 
WKH�¿UVW�PDMRU�EXUVW�RI�GLYHUVL¿FDWLRQ�DPRQJVW�WKH�+\SQDOHV�
occurred after the evolution of a homogenous costa with 
XQGL൵HUHQWLDWHG� FHOOV�� LL�� WKHUH� DUH� QR� NQRZQ� UHYHUVDOV� RI�
this character state, and iii) since most Hypnales are found 
LQ� KXPLG� RU� ZHW� HQYLURQPHQW�� WKH� VLPSOL¿HG� FRVWD� DUH� DQ�
adaptation to such environments and are therefore also 
associated with the evolutionary success of this group. 
This also raises the interesting, but untested possibility 
that the phyllids amongst prostrate growth forms are in 
general smaller than upright growth forms, because they are 
FRQVWUDLQHG�E\� D� VLPSOL¿HG� FRVWD�� ,Q� VXSSRUW� RI� WKH� FRVWD¶V�
role in water relations, moss species growing submerged in 
water, tend to exhibit reduced or absent costa compared to 
species growing on dryer substrates (Bell 1982; *XHUUD� HW�
al. 1992; *OLPH�����). A similarly verifying phenomenon is 
observed within some aquatic species that have been shown 
to suppress costa growth as a plastic trait when grown in 
submerged conditions (9LWW�	�*OLPH�����).

The next best model for costa length could not be 
rejected as it fell well within 2 AICc units of the best model 
and shows that within prostrate mosses, species growing on 
vertical substrates exhibit increased relative costa lengths. 
This suggests the possibility that the increased relative 
costa length amongst prostrate mosses on vertical surfaces 
possibly allow moss phyllids to spread residual water across 
more of its cells thereby buying more active metabolism 
time to enact cellular desiccation response mechanisms or 
that it makes up for the smaller phyllid areas by facilitating 
better absorption of water from the microhabitat when water 
becomes available. These suggestions are not necessarily 
mutually exclusive, but do require further experimental 
HYLGHQFH� IRU� YHUL¿FDWLRQ�� 7KXV�� WKH� UHVXOWV� RI� WKH� SUHVHQW�
study suggest that, at least within the prostrate stem growth 
forms, costa length responds to environmentally determined 
optima where longer relative costa make up for smaller 
phyllid surface area when it comes to reabsorbing water from 
WKH�HQYLURQPHQW��7KH�QRQ�]HUR��EXW�UHODWLYHO\�VPDOO��a��P\U��
SK\ORJHQHWLF�KDOI�OLIH�HVWLPDWH�IRU�ERWK�SK\OOLG�VXUIDFH�DUHD�
and costa length evolution also suggests some small degree 

of phylogenetic inertia on shorter time scales, providing some 
evidence against the notion that we are merely observing a 
SODVWLF�UHVSRQVH��ZKLFK�VKRXOG�UHVXOW�LQ�D�KDOI�OLIH�RI�]HUR��

Bryophyte leaves often exist within a canopy, and while 
WKLV� WRSLF� UHPDLQV� XQGHUVWXGLHG�� VRPH� LPSRUWDQW� H൵RUWV�
seek to characterize the interplay between leaf and canopy 
scales (e.g. Rice et al. 2008, 2011, 2018; Waite & Sack 2010; 
Niinemets & Tobias 2019). The canopy leaf area index (LAI) 
is a whole plant measurement compromised of leaf size, leaf 
frequency, leaf area per shoot height, shoot height, shoot 
leaf area, and shoot number per area, that characterizes the 
ability of plant canopies to exchange energy and matter with 
the environment. LAI allows for assessing the contribution 
of moss to total ecosystem productivity. Niinemets & Tobias 
(2019) found that even though individual phyllid surface 
DUHD�H[KLELWV�KLJK�YDULDWLRQ�DFURVV�VSHFLHV��LW�WUDGHV�R൵�ZLWK�
phyllid number and therefore does not contribute as much 
to LAI as would be expected. Here, we found a systematic 
decrease in individual phyllid area with increased substrate 
slope in both growth forms. We acknowledge that other 
FKDUDFWHULVWLFV� RI� WKH� VXEVWUDWHV� ZLOO� OLNHO\� D൵HFW� PRLVWXUH�
retention ability (soil cover, tree bark vs bare wood, rock 
type, etc.) and that these could be a fruitful avenue of 
future research. However, our results also suggest that 
substrate slopes should be investigated further across a wider 
range of taxa as potentially very general morphological 
DQG� HFRORJLFDO� FKDUDFWHULVWLFV� D൵HFWLQJ� SK\OOLG� IHDWXUHV�
and therefore subsequently other traits, such as phyllid 
number that contribute to moss canopy features. To close 
with, we echo the argument of Huttunen et al. (2018) that 
“understanding of the potential function of morphological 
traits and knowledge of the distribution of morphological 
characters in various environmental conditions is necessary 
WR�XQGHUVWDQG�IXQFWLRQDO�GL൵HUHQFHV�DPRQJ�PRVV�VSHFLHV�DQG�
the communities they belong to”.

SUPPLEMENTARY FILES

6XSSOHPHQWDU\�¿OH���±�$Q�H[FHO�¿OH�ZLWK�VKHHWV�FRQWDLQLQJ�
¿HOG� FROOHFWLRQ� GHVFULSWLRQV�� UDZ� PHDVXUHPHQWV� RI� DOO�
specimens, mean values for raw measurements, and niche 
descriptions gleaned from observations, online data bases, 
¿HOG�JXLGHV��DQG�WKH�SULPDU\�OLWHUDWXUH��
https://doi.org/10.5091/plecevo.2021.1839.2555
The R code for performing the analyses is available on Jason 
3LHQDDU¶V�*LW+XE�UHSRVLWRU\�
KWWSV���JLWKXE�FRP�MDVRQSLHQDDU�0RVV�OHDI�DQDO\VLV�
6XSSOHPHQWDU\� ¿OH� � – Ancestral state reconstructions 
for hypothesized niches were conducted under maximum 
OLNHOLKRRG� IRU� JURZWK� IRUP� �VXSSOHPHQWDU\� ¿OH� �$��� OLJKW�
H[SRVXUH� �VXSSOHPHQWDU\� ¿OH� �%��� DPELHQW� PRLVWXUH�
�VXSSOHPHQWDU\�¿OH��&���DQG�VXEVWUDWH�DVSHFW��VXSSOHPHQWDU\�
¿OH� �'��� 1LFKH� FRPELQDWLRQV� UHVXOWHG� IURP� QHVWLQJ� WKHVH�
reconstructions.
https://doi.org/10.5091/plecevo.2021.1839.2557
6XSSOHPHQWDU\� ¿OH� �� ±� 7�WHVW� DQG� :LOFR[RQ� 5DQN� 6XP�
FRPSDULVRQV�RI�VSHFLPHQ�DUHD�DQG�SK\OOLG�OHQJWK�IURP�¿HOG�
and herbarium specimens.
https://doi.org/10.5091/plecevo.2021.1839.2559
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https://github.com/jasonpienaar/Moss-leaf-analysis-
https://doi.org/10.5091/plecevo.2021.1839.2557
https://doi.org/10.5091/plecevo.2021.1839.2559
https://doi.org/10.5091/plecevo.2021.1839.2555
https://github.com/jasonpienaar/Moss-leaf-analysis-
https://doi.org/10.5091/plecevo.2021.1839.2557
https://doi.org/10.5091/plecevo.2021.1839.2559


429

Turberville et al., Vertical mosses gather less mulch

6XSSOHPHQWDU\�¿OH�� – Summary statistics of phyllid areas 
DQG�$129$�RU�PHGLDQ�SK\OOLG�DUHD�DQG�QRQ�SDUDPHWULF�WZR�
VDPSOHV�:LOFR[RQ�UDQN�VXP�WHVW��IRU�QRQ�QRUPDO�UHVLGXDOV��
comparison of stem and branch phyllid areas for all moss 
species.
KWWSV���GRL�RUJ���������SOHFHYR���������������
6XSSOHPHQWDU\�¿OH�� – Comparisons of mulch accumulation 
across substrate gradients.
KWWSV���GRL�RUJ���������SOHFHYR���������������
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