PAGE  
6
M. Waite and L. Sack 
                                                                           Supplementary Material 


Supplementary Material for, 
How does moss photosynthesis relate to leaf and canopy structure? Trait 
relationships for ten Hawaiian species of contrasting light habitats

Mashuri Waite and Lawren Sack

Additional Methods S1
Notes S1: Comparisons of bryophytes and tracheophytes
Appendix Tables S1, S2, S3 and S4
Appendix Figures S1 and S2
Additional Methods, S1
Additional methods—photosynthetic traits

For measurement of photosynthetic light responses, a circular sample of 5 cm diameter was taken from five representative colonies per species; samples were brought to the laboratory sealed in plastic bags.  The basal dead tissue was trimmed to within 2 mm of the living stems, and the samples were placed in 5 cm diameter aluminum screen baskets and soaked in de-ionized water for 20 s to saturate the moss and facilitate removal of non-moss-material.  Samples were hydrated overnight in Petri dishes with a 5 mm layer of de-ionized water within a closed glass terrarium. Before measurements, the mosses in baskets were drained of excess water on paper towels for 2-3 min. We expected this standard treatment to simulate hydration by a typical rainfall event, which may involve loss of nutrients that are easily leached (Coxson, 1991).

The mosses in their baskets were placed in an acrylic custom cuvette attached to a photosynthesis system (LI-COR 6400, with 6400-19 mounting plate; CO2 set at 400 μmol mol-1, relative humidity was maintained at 77-80%, and leaf temperature at 20-22oC; measured with a thermocouple).  The cuvette was illuminated with two 150 W bulbs set above a glass dish of water with wax paper to trap heat and diffuse light.  Photosynthesis was first induced at 100 µmol m-2 s-1 PAR (LI-COR 190 quantum sensor), for ten minutes (cf. Zotz et al., 2000).  Next, CO2 assimilation rate (A), after at least 1 min stability, was measured in 7-11 steps from zero PAR (the cuvette covered with aluminum foil) to saturation of photosynthetic rate.  Each sample was dried at 80(C for at least 48 h to determine dry mass.
Additional methods—tissue nitrogen concentration

For measurement of nitrogen per mass (Nmass) samples from the same colonies measured for photosynthesis were transported from the field in plastic bags.  Dead stems were trimmed to within 2 mm of living tissue, and samples were rinsed in de-ionized water, drained of excess water, and dried at 80°C for at least 48 h. Nmass was determined by Kjeldahl digestion (Hue et al., 2000; University Hawaii at Manoa Agricultural Diagnostic Services Center).  

Additional methods—leaf and cell morphological traits
For measurement of leaf and cell morphological traits, each leaf was mounted fresh and photographed (Zeiss compound microscope, Germany; Nikon Coolpix 4500, Tokyo, Japan), at 12.5 to 400 × magnification to obtain images of the leaf and of central cells. A cross-section 5-20 µm thick was made midway between leaf tip and base (CM1850 cryostat; Leica Microsystems, Nussloch, Germany), mounted with water and photographed at 63 to 400 ×.  Dimensions were measured using ImageJ software (U.S. National Institutes of Health, Bethesda, Maryland, USA).


Leaf morphological traits that were potentially linked with photosynthetic traits were measured from the whole mounts and mid-lamina cross-sections, including leaf area (LA), length (LL), length of costa (CL; i.e., the “midrib” of the leaf), width (LW; perpendicular to the costa at the widest part of the leaf), perimeter2/leaf area (P2/A),and length/width (L/W).  From the cross-sections, measurements were made of costa cross-sectional area (CCA), and the lamina thickness (LT), midway between costa and leaf margin.

Cell traits potentially important in biomechanical and physiological function were measured from magnified images of the whole leaf and the mid-lamina cross-sections.  Traits measured on the whole-leaf mounts were quantified for a rectangle typically including 15 central cells; these included cells per area (CPA), lamina lumen area fraction (LLAF; the ratio of cell lumen to lamina area), cell lumen area (CLA; the average area of an individual cell lumen), and cell lumen length (CLL) and width (CLW), averaged from the maximum lumen lengths and perpendicular widths for four adjacent cells between costa and margin.  Cell lumen height (CLH) and leaf surface cell wall thickness (SWT) were measured in the lamina cross-section centrally between margin and costa; SWT was approximately the same for abaxial and adaxial surfaces, and adaxial values are presented.  The interior cell wall thickness (IWT) was measured for the cell wall between a mid-lamina and adjacent cell.  Cross sectional lumen area fraction (XLAF) was calculated as the area of lumens divided by the lamina cross sectional area.
Additional methods—canopy traits

For measurement of canopy traits, the outline of each sample was traced on plastic transparency film to determine canopy projected area.  Canopy height (CH) was measured by ruler to the nearest mm, as the depth of the canopy from the canopy surface to the lowest discernible green tissue, and averaged for three points on the canopy.  Each sample was then rinsed of detritus in water. One average-sized shoot per sample was scanned (600 dots per inch; 3170 Photo scanner; Seiko Epson, Nagano, Japan) to determine shoot projected area (using Photoshop 7.0; Adobe Inc., San Jose, California; and ImageJ), then all the leaves were removed under a dissecting microscope.  The separated leaves and stem were spread flat between two plastic transparency sheets and scanned at 1200 dpi to determine leaf and stem projected areas; water was added as needed to keep tissues moist.  All material was dried at 80(C for at least 48 hours and dry mass measured (XS 105 and AB204-S/FACT Analytical Balances, Mettler Toledo, Columbus, Ohio).  Leaf mass per area (LMA) and canopy mass per area (CMA) were calculated by dividing leaf and canopy dry weights by their projected areas.  Leaf mass fraction (LMF) and leaf area ratio (LAR) were determined from shoots, respectively as the leaf mass and leaf area divided by shoot mass.  Canopy density (CD) was determined as CMA / CH.  Canopy leaf area index (LAI) was derived by multiplying the LAR and CMA.  The mean values for stem area index determined analogously (using stem rather than leaf projected area) ranged across species from 0.02 to 0.38.
Note S1: Comparisons of bryophytes and tracheophytes

There are at least five ways to compare bryophytes with tracheophytes in their composition or gas exchange.  The moss leaf, shoot, or canopy can be compared directly with the tracheophyte leaf, or the moss canopy can be compared with a whole tracheophyte plant, or stand.  We did not pursue all possible comparisons in this study.  We focused on moss canopies for gas exchange and did not compare the light-saturated photosynthetic rates of individual moss leaves or shoots (cf. Bond-Lamberty & Gower, 2007) with those of tracheophyte leaves; further work is needed to determine their relative functioning.  We note that species may vary in whether their leaves or their canopies show functional analogies to tracheophyte leaves.  For instance, mosses of the Polytrichaceae have protoxylem and structurally complex leaves (
 ADDIN EN.CITE 
Proctor, 1984; Schofield & Hébant, 1984; Proctor, 2005
).  One study has reported that three moss species of Polytrichaceae converged with tracheophytes in the coordination of leaf hydraulic conductance and Aarea (Brodribb et al., 2007).  Such species might also converge with tracheophytes in the relationship of Nmass and Amass to LMA, rather than to CMA.


We note that a moss canopy may be compared in gas exchange with a whole tracheophyte plant, or an entire stand (as done in our study for LAI).  In such a comparison, the moss instantaneous light-saturated photosynthetic rate per canopy area would likely be lower than that for the tracheophyte plants or stands, per leaf or ground area.  However, the moss canopy maximum rates per mass may well be higher than that for tracheophyte plants or stands, due to the mass of non-photosynthetic roots and stems in tracheophytes.  However, considered over longer time intervals the tracheophyte plant or stand would likely overtake the moss canopy in assimilation rates, as their support organs ensure access to high irradiance and water supply, even during dry periods when the mosses desiccate.  Further investigations are needed to allow generalizations for moss and tracheophyte gas exchange at whole-plant and ecosystem level.
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	Traits
	Acroporium fuscoflavum
	Campylopus hawaiicus
	Distichophyllim freycinetii
	Fissidens

pacificus
	Hookeria acutifolia
	Holomitrium seticalycinum
	Leucobryum cf. seemannii
	Macromitrium microstomum
	M. piliferum
	Pyrrhobryum pungens

	Microhabitat
	trunk-dwelling
	trunk-dwelling
	ground-dwelling
	ground-dwelling
	ground-dwelling
	branch-dwelling
	trunk-dwelling
	branch-dwelling
	branch-dwelling
	trunk

	Photosynthetic traits
	
	
	
	
	
	
	
	
	

	IS 
	107 ± 10.
	158 ± 10
	119 ± 14
	139 ± 14
	69.2 ± 17.7
	134 ± 6
	134 ± 4
	253 ± 47
	250 ± 48
	79.8 ± 4.5

	IC
	8.92 ± 0.78
	22.8 ± 2.4
	5.74 ± 2.92
	5.58 ± 1.70
	5.38 ± 0.96
	32.6 ± 1.2
	16.8 ± 2.6
	12.5 ± 5.6
	8.20 ± 3.08
	16.4 ± 1.1

	Amass  
	5.96 ± 0.60
	5.06 ± 1.13
	8.78 ± 1.33
	9.22 ± 1.35
	14.02 ± 2.89
	7.69 ± 0.85
	3.91 ± 0.53
	11.86 ± 2.67
	11.26 ± 1.25
	3.31 ± 0.25

	Aarea 
	0.777 ± 0.078
	1.19 ± 0.26
	0.600 ± 0.091
	0.707 ± 0.103
	1.15 ± 0.24
	0.956 ± 0.106
	0.587 ± 0.079
	1.41 ± 0.32
	1.30 ± 0.14
	0.632 ± 0.047

	QEmass 
	0.182 ± 0.025
	0.101 ± 0.01
	0.219 ± 0.027
	0.216 ± 0.022
	0.451 ± 0.066
	0.206 ± 0.041
	0.079 ± 0.003
	0.114 ± 0.013
	0.112 ± 0.005
	0.164 ± 0.006

	QEarea
	0.0237 ± 0.0032
	0.00574 ± 0.00065
	0.0150 ± 0.0018
	0.0165 ± 0.0017
	0.0370 ± 0.0054
	0.0256 ± 0.0050
	0.0118 ± 0.0005
	0.0135 ± 0.0015
	0.0129 ± 0.0006
	0.0313 ± 0.0012

	Rmass 
	-1.63 ± 0.30
	-2.26 ± 0.20
	-1.49 ± 0.86
	-1.11 ± 0.30
	-2.25 ± 0.26
	-6.83 ± 1.53
	-1.30 ± 0.18
	-1.38 ± 0.58
	-0.896 ± 0.304
	-2.65 ± 0.12

	Rarea
	-0.212 ± 0.039
	-0.128 ± 0.011
	-0.102 ± 0.059
	-0.0849 ± 0.0233
	-0.185 ± 0.021
	-0.850 ± 0.190
	-0.196 ± 0.027
	-0.165 ± 0.069
	-0.104 ± 0.035
	-0.505 ± 0.022

	AN 
	8.72 ± 0.91
	8.96 ± 2.44
	8.38 ± 0.71
	6.10 ± 0.85
	10.7 ± 1.4
	10.5 ± 1.4
	18.1 ± 3.5
	28.5 ± 5.1
	16.8 ± 0.6
	5.31 ± 0.39

	Structural and  compositional traits
	
	
	
	
	
	
	
	

	LMA 
	8.13 ± 0.53
	14.4 ± 0.3
	6.41 ± 0.63
	13.0 ± 0.8
	8.96 ± 0.91
	18.0 ± 0.9
	11.3 ± 1.9
	10.7 ± 1.5
	11.0 ± 1.2
	31.4 ± 3.1

	LAI
	11.2 ± 0.8
	14.38 ± 1.47
	8.09 ± 2.62
	3.92 ± 0.71
	6.29 ± 1.18
	6.03 ± 1.33
	11.98 ± 1.25
	9.69 ± 1.02
	9.65 ± 1.67
	4.57 ± 0.91

	CMA
	130 ± 15
	235 ± 21
	68.3 ± 19.1
	76.7 ± 9.8
	82.3 ± 19.0
	124 ± 22
	150 ± 35
	119 ± 13
	116 ± 13
	191 ± 32

	CH 
	1.32 ± 0.20
	0.856 ± 0.022
	1.59 ± 0.82
	1.82 ± 0.03
	1.53 ± 0.33
	0.678 ± 0.147
	1.69 ± 0.12
	0.339 ± 0.068
	0.300 ± 0.038
	4.81 ± 0.76

	CD 
	0.0101 ± 0.0012
	0.0275 ± 0.0025
	0.00546 ± 0.00120
	0.00423 ± 0.00061
	0.00653 ± 0.00038
	0.0198 ± 0.0045
	0.00871 ± 0.00151
	0.0371 ± 0.0060
	0.0391 ± 0.0036
	0.00433 ± 0.00118

	Nmass
	0.690 ± 0.051
	0.596 ± 0.061
	1.10 ± 0.087
	1.51 ± 0.09
	1.21 ± 0.11
	0.796 ± 0.101
	0.237 ± 0.046
	0.490 ± 0.086
	0.726 ± 0.067
	0.628 ± 0.035

	Narea 
	89.9 ± 6.6
	33.7 ± 3.4
	74.9 ± 5.9
	116 ± 7
	99.9 ±9.4
	98.9 ± 12.5
	35.7 ± 6.9
	58.2 ± 10.2
	84.0 ± 7.7
	120 ± 6.7

	LMF 
	0.700 ± 0.008
	0.879 ± 0.023
	0.733 ± 0.037
	0.650 ± 0.021
	0.694 ± 0.020
	0.858 ± 0.025
	0.913 ± 0.010
	0.864 ± 0.085
	0.892 ± 0.026
	0.735 ± 0.016

	LAR 
	8697 ± 705
	6104 ± 101
	11574 ± 658
	5079 ± 446
	7874 ± 621
	4778 ± 195
	8515 ± 1194
	8213 ± 552
	8282 ± 981
	2391 ± 242

	Leaf traits
	
	
	
	
	
	
	
	
	
	

	CL
	NA
	3.62 ± 0.25
	3.36 ± 0.29
	3.13 ± 0.18
	NA
	2.29 ± 0.07
	8.53 ± 0.58
	1.32 ± 0.07
	2.13 ± 0.17
	9.00 ± 0.36

	CCA 
	NA
	0.00303 ± 0.00011
	0.00138 ± 0.00027
	0.00379 ± 0.00023
	NA
	0.00258 ± 0.00038
	0.0856 ± 0.0061
	0.000654 ± 0.000047
	0.00141 ± 0.00013
	0.00579 ± 0.00036

	LW 
	0.748 ± 0.025
	0.481 ± 0.028
	1.14 ± 0.04
	0.657 ± 0.049
	1.64 ± 0.13
	0.494 ± 0.020
	1.439 ± 0.100
	0.32 ± 0.02
	0.512 ± 0.035
	0.528 ± 0.039

	LA 
	1.20 ± 0.10
	0.829 ± 0.103
	3.63 ± 0.32
	1.70 ± 0.20
	5.22 ± 0.48
	0.69 ± 0.035
	7.71 ± 0.59
	0.281 ± 0.028
	0.708 ± 0.082
	1.46 ± 0.096

	P2/A
	32.0 ± 1.1
	72.5 ± 3.2
	23.7 ± 1.4
	29.2 ± 0.6
	21.4 ± 0.8
	38.7 ± 2.8
	41.6 ± 2
	30.6 ± 0.9
	42 ± 4.3
	238.1 ± 21

	L/W
	3.62 ± 0.18
	7.57 ± 0.47
	3.53 ± 0.26
	4.93 ± 0.18
	2.79 ± 0.19
	4.67 ± 0.28
	6.06 ± 0.58
	4.17 ± 0.20
	4.16 ± 0.24
	17.3 ± 1.2

	LT 
	6.73 ± 0.13
	10.5 ± 0.8
	31.4 ± 3.9
	12.9 ± 0.8
	47.0 ± 1.8
	17.1 ± 0.4
	NA
	12.2 ± 0.8
	13.0 ± 0.59
	12.4 ± 0.5

	Cell traits
	
	
	
	
	
	
	
	
	
	

	CLA
	226 ± 13
	56.4 ± 5.0
	1008 ± 123
	84.5 ± 6.3
	6890 ± 404
	52.9 ± 5.4
	NA
	64.7 ± 9.0
	23.2 ± 1.6
	82.4 ± 7.4

	LLAF
	0.427 ± 0.023
	0.489 ± 0.02
	0.884 ± 0.02
	0.746 ± 0.023
	0.876 ± 0.021
	0.508 ± 0.042
	NA
	0.427 ± 0.022
	0.351 ± 0.025
	0.504 ± 0.035

	CPA
	1925 ± 191
	9114 ± 1278
	946 ± 141
	9038 ± 719
	128 ± 6.62
	9750 ± 500
	NA
	7106 ± 992
	15184 ± 789
	6332 ± 918

	CLL
	69 ± 4
	12.4 ± 0.4
	44.3 ± 3.8
	11.4 ± 0.6
	195 ± 4
	8.98 ± 0.39
	NA
	18.3 ± 3.4
	6.36 ± 0.17
	15.2 ±  2.0

	CLW
	3.67 ± 0.19
	6.21 ± 0.24
	29.8 ± 1.9
	8.12 ± 0.64
	51.1 ± 2.6
	7.40 ± 0.47
	NA
	5.37 ± 0.30
	4.91 ± 0.27
	6.78 ± 1.34

	CLH
	2.73 ± 0.35
	6.97 ± 0.55
	29.1 ± 3.3
	10.2 ± 0.6
	42.9 ± 3.3
	13.9 ± 1.2
	10.1 ± 0.8
	6.53 ± 0.63
	7.7 ± 0.39
	5.86 ± 0.61

	SWT
	1.84 ± 0.14
	1.60 ± 0.30
	1.30 ± 0.34
	1.16 ± 0.14
	1.20 ± 0.13
	1.57 ± 0.18
	NA
	3.57 ± 0.78
	1.84 ± 0.28
	2.06 ± 0.35

	IWT
	4.33 ± 0.66
	2.62 ± 0.43
	1.03 ± 0.18
	0.97 ± 0.08
	1.65 ± 0.34
	2.1 ± 0.19
	1.71 ± 0.34
	5.05 ± 0.75
	2.17 ± 0.57
	2.47 ± 0.28

	XLAF 
	0.145 ± 0.020
	0.403 ± 0.06
	0.763 ± 0.076
	0.617 ± 0.022
	0.827 ± 0.036
	0.473 ± 0.042
	0.368 ± 0.034
	0.221 ± 0.061
	0.377 ± 0.02
	0.413 ± 0.032


Table S1.  Mean values and standard error for each trait by species. Trait symbols as in Table S2.

Table S2. Study traits, symbols, and unit, and mean squares from one-way analyses of variance for differences among microhabitats and species, with species nested within microhabitat (degrees of freedom in parentheses). Significance levels: * P < 0.05; ** 0.01 ≥ P > 0.001; ***P ≤ 0.001.

	Trait Category/ Trait
	Symbol
	Units
	Microhabitat
	Species
	Error mean squares

	Photosynthetic light response traits
Diffuse site factor
	DSF
	% daylight
	3.332(2)***
	0.170(7)**
	0.046(40)

	Saturation irradiance
	Is
	µmol photons m-2 s-1
	0.238(2)***
	0.094(7)***
	0.013(31)

	Compensation irradiance
	Ic
	µmol photons m-2 s-1
	1.228(2)***
	0.201(7)*
	0.077(31)

	Light-saturated assimilation rate per mass
	Amass
	nmol CO2 g-1 s-1
	0.628(2)***
	0.048(7)*
	0.017(31)

	Light-saturated assimilation rate per area
	Aarea
	nmol CO2 m-2 s-1
	0.138 (2)**
	0.059(7)**
	0.017(31)

	Light-saturated assimilation rate per nitrogen
	AN
	nmol CO2 [g N]-1 s-1
	0.338(2)***
	0.142(7)***
	0.018(28)

	Quantum efficiency, mass based
	QEmass
	nmol CO2 g-1 (µmol photons m-2)-1
	0.422(2)***
	0.112(7)***
	0.011(31)

	Quantum efficiency, area based
	QEarea
	µmol CO2 (µmol photons) -1
	0.043(2)*
	0.281(7)***
	0.011(31)

	Dark respiration, mass based
	Rmass
	nmol CO2 g-1 s-1
	0.214(2)
	0.371(7)**
	0.085(31)

	Dark respiration per area
	Rarea
	nmol CO2 m-2 s-1
	0.819(2)***
	0.496(7)***
	0.085(31)

	Canopy structure and composition traits
Leaf mass per area
	LMA
	g m-2
	0.148(2)**
	0.099(7)**
	0.020(20)

	Leaf area index 
	LAI
	
	0.216(2)***
	0.100(7)**
	0.021(20)

	Canopy mass per area
	CMA
	g m-2
	0.353(2)***
	0.020(7)
	0.020(20)

	Canopy height
	CH
	cm
	1.176(2)***
	0.163(7)***
	0.028(19)

	Canopy density
	CD
	g cm-3
	1.310(2)***
	0.186(7)***
	0.020(19)

	Nitrogen per mass
	Nmass
	%
	0.672(2)***
	0.120(7)***
	0.011(39)

	Nitrogen per area
	Nmrea
	g m-2
	0.158(2)***
	0.203(7)***
	0.011(39)

	Leaf mass per shoot mass
	LMF
	
	0.023(2)***
	0.005(7)**
	0.001(20)

	Leaf area ratio
	LAR
	m2 kg-1
	0.046(2)***
	0.132(7)**
	0.004(20)

	Leaf dimension traits
	
	
	
	
	

	Costa length
	CL
	mm
	1.119(2)***
	0.132(5)***
	0.004(32)

	Costa cross sectional area
	CCA
	mm2
	3.563(2)***
	1.464(5)***
	0.011(32)

	Leaf length
	LL
	mm
	0.885(2)***
	0.181(7)***
	0.003(40)

	Maximum leaf width
	LW
	mm
	0.585(2)***
	0.175(7)***
	0.004(40)

	Leaf area
	LA
	mm2
	2.480(2)***
	0.565(7)***
	0.009(40)

	Lamina thickness
	LT
	µm
	0.578(2)***
	0.196(7)***
	0.003(36)

	Leaf shape traits
	
	
	
	
	

	Perimeter2/area
	P2/A
	
	0.894(2)***
	0.330(7)***
	0.003(40)

	Length/width
	L/W
	
	0.438(2)***
	0.196(7)***
	0.004(40)

	Cell traits
Cell lumen area
	CLA
	µm2
	6.582(2)***
	1.783(6)***
	0.010(35)

	Lumen area fraction 
	LLAF
	
	0.380(2)***
	0.016(6)***
	0.002(35)

	Cells/mm2,  cells per area
	CPA 
	cells mm-2
	3.831(2)***
	1.670(6)***
	0.009(35)

	Cell lumen length
	CLL
	µm
	1.682(2)***
	0.986(6)***
	0.008(35)

	Cell lumen width
	CLW
	µm
	1.926(2)***
	0.328(6)***
	0.006(35)

	Mid-lamina cell lumen height
	CLH
	µm
	1.638(2)***
	0.308(7)***
	0.008(39)

	Surface cell wall thickness 
	SWT
	µm
	0.245(2)**
	0.049(6)
	0.031(36)

	Interior cell wall thickness 
	IWT
	µm
	0.748(2)***
	0.138(7)***
	0.031(39)

	Cross sectional cell lumen area/lamina area
	XLAF
	
	0.686(2)***
	0.161(7)***
	0.012(38)


Table S3. Correlation matrix of physiological and morphological traits at cell, leaf, and clump-level for ten Hawaiian moss species.  Values below the diagonal are Spearman correlation coefficients (rs); values above the diagonal are Pearson correlation coefficients (rp). Values in bold indicate that both rs and rp were significant (P < 0.05); values in italics are those calculated for log-transformed data, as rs was significant, and rp was increased after transformation.  Several traits were intrinsically correlated and thus omitted from the correlation matrix table: XLAF with LLAF, IWT with SWT, and LAR with LMA (|rP| = 0.78 - 0.96, P = 0.0002 – 0.01; |rS| = 0.84 – 0.88, P = 0.002 - 0.004) in the last case because leaf mass dominated clump mass (65-91%; Appendix) and thus moss LAR (leaf area / clump mass) became essentially the reciprocal of moss LMA (leaf mass / leaf area). Determination of significant correlations among the 33 traits using both rs and rp produced 81 correlations, significantly greater than the 26 expected from chance alone at P < 0.05 (two proportion test; P <  0.001).  Trait symbols as in Table A2. 
	 
	 
	Photosynthetic traits
	Clump structure and composition
	Leaf dimensions
	Leaf shape
	Mid-lamina cell traits

	 
	
	DSF
	Is
	Ic
	Amass
	Aarea
	AN
	QEmass
	QEarea
	Rmass
	Rarea
	LMA
	LAI
	CMA
	CH
	CD
	Nmass
	Narea
	LMF
	CL
	CCA
	LL
	LW
	LA
	LT
	P2/A
	L/W
	CLA
	LLAF
	CPA
	CLL
	CLW
	CLH
	IWT

	Photosynthetic traits
	DSF
	 
	0.65
	0.41
	-0.07
	0.67
	0.57
	-0.66
	-0.43
	0.04
	0.04
	0.12
	0.55
	0.59
	-0.36
	0.80
	-0.62
	-0.48
	0.60
	-0.33
	-0.24
	-0.37
	-0.76
	-0.75
	-0.72
	0.10
	0.11
	-0.71
	-0.91
	0.41
	-0.44
	-0.80
	-0.74
	0.85

	
	Is
	0.67
	 
	0.01
	0.33
	0.66
	0.75
	-0.59
	-0.67
	-0.26
	-0.28
	-0.25
	0.35
	0.00
	-0.64
	0.90
	-0.31
	-0.39
	0.62
	-0.79
	-0.21
	-0.68
	-0.56
	-0.65
	-0.44
	-0.30
	-0.29
	-0.70
	-0.57
	0.68
	-0.53
	-0.50
	-0.44
	0.40

	
	Ic
	0.53
	0.26
	 
	-0.48
	0.07
	0.00
	-0.35
	-0.08
	0.81
	0.77
	0.48
	0.17
	0.78
	-0.07
	0.24
	-0.48
	-0.23
	0.67
	0.08
	0.09
	0.07
	-0.38
	-0.22
	-0.33
	0.24
	0.29
	-0.36
	-0.43
	0.37
	-0.42
	-0.41
	-0.33
	0.11

	
	Amass
	-0.04
	0.25
	-0.66
	 
	0.62
	0.37
	0.56
	0.19
	-0.14
	-0.29
	-0.52
	-0.26
	-0.72
	-0.52
	0.31
	0.50
	0.20
	-0.17
	-0.92
	-0.76
	-0.62
	0.15
	-0.08
	0.59
	-0.75
	-0.80
	0.59
	0.33
	-0.06
	0.50
	0.55
	0.57
	0.00

	
	Aarea
	0.72
	0.58
	0.01
	0.59
	 
	0.58
	0.01
	-0.15
	0.00
	-0.14
	-0.21
	0.28
	0.09
	-0.80
	0.85
	-0.13
	-0.24
	0.42
	-0.77
	-0.44
	-0.71
	-0.36
	-0.64
	0.00
	-0.27
	-0.33
	0.15
	-0.43
	0.41
	0.07
	-0.04
	0.00
	0.47

	
	AN
	0.42
	0.45
	0.16
	0.41
	0.49
	 
	-0.36
	-0.36
	-0.22
	-0.19
	-0.33
	0.38
	-0.07
	-0.75
	0.70
	-0.53
	-0.53
	0.63
	-0.30
	0.22
	-0.28
	-0.12
	0.02
	-0.10
	-0.34
	-0.33
	-0.08
	-0.41
	0.25
	-0.10
	-0.15
	-0.17
	0.54

	
	QEmass
	-0.66
	-0.52
	-0.64
	0.48
	-0.14
	-0.43
	 
	0.76
	0.17
	0.05
	-0.17
	-0.54
	-0.54
	0.11
	-0.48
	0.81
	0.53
	-0.76
	-0.23
	-0.50
	-0.06
	0.56
	0.26
	0.88
	-0.19
	-0.27
	0.92
	0.79
	-0.63
	0.90
	0.89
	0.85
	-0.33

	
	QEarea
	-0.44
	-0.71
	-0.32
	0.16
	-0.14
	-0.41
	0.76
	 
	0.38
	0.47
	0.33
	-0.66
	-0.25
	0.48
	-0.50
	0.33
	0.82
	-0.57
	0.34
	-0.19
	0.23
	0.32
	0.11
	0.51
	0.30
	0.20
	0.62
	0.31
	-0.49
	0.65
	0.51
	0.47
	-0.06

	
	Rmass
	0.02
	-0.45
	0.49
	-0.38
	-0.03
	-0.32
	0.21
	0.49
	 
	0.93
	0.41
	-0.28
	0.14
	-0.02
	-0.02
	-0.03
	0.24
	0.15
	-0.10
	-0.18
	-0.09
	-0.20
	-0.23
	0.04
	0.12
	0.11
	-0.03
	-0.08
	0.10
	-0.09
	-0.05
	0.07
	-0.06

	
	Rarea
	0.16
	-0.43
	0.59
	-0.45
	-0.12
	0.07
	-0.12
	0.45
	0.68
	 
	0.61
	-0.38
	0.20
	0.23
	-0.09
	-0.17
	0.36
	0.14
	0.14
	-0.08
	0.12
	-0.25
	-0.21
	-0.09
	0.36
	0.34
	-0.14
	-0.22
	0.12
	-0.18
	-0.19
	-0.09
	0.02

	Clump structure and composition
	LMA
	0.24
	0.15
	0.62
	-0.52
	-0.03
	-0.22
	-0.36
	0.02
	0.39
	0.36
	 
	-0.41
	0.55
	0.73
	-0.14
	-0.20
	0.40
	0.01
	0.56
	-0.12
	0.53
	-0.41
	-0.27
	-0.32
	0.92
	0.92
	-0.28
	-0.29
	0.28
	-0.37
	-0.35
	-0.35
	-0.02

	
	LAI
	0.50
	0.28
	0.37
	-0.21
	0.20
	0.53
	-0.67
	-0.72
	-0.13
	0.01
	-0.28
	 
	0.51
	-0.48
	0.46
	-0.65
	-0.89
	0.61
	-0.04
	0.35
	-0.10
	-0.02
	0.08
	-0.31
	-0.26
	-0.23
	-0.21
	-0.45
	0.09
	-0.11
	-0.26
	-0.31
	0.40

	
	CMA
	0.54
	-0.01
	0.79
	-0.76
	0.01
	0.03
	-0.71
	-0.24
	0.47
	0.60
	0.58
	0.48
	 
	0.24
	0.23
	-0.65
	-0.41
	0.46
	0.44
	0.14
	0.36
	-0.37
	-0.20
	-0.52
	0.76
	0.71
	-0.37
	-0.57
	0.29
	-0.36
	-0.49
	-0.55
	0.30

	
	CH
	-0.70
	-0.62
	-0.20
	-0.47
	-0.83
	-0.65
	0.25
	0.32
	0.09
	0.02
	0.19
	-0.41
	0.02
	 
	-0.92
	0.05
	0.48
	-0.45
	0.85
	0.11
	0.85
	0.11
	0.64
	0.02
	0.85
	0.84
	0.03
	0.20
	-0.28
	0.03
	0.06
	-0.03
	-0.23

	
	CD
	0.82
	0.65
	0.39
	0.22
	0.76
	0.72
	-0.55
	-0.50
	-0.10
	0.08
	-0.07
	0.61
	0.26
	-0.94
	 
	-0.42
	-0.42
	0.77
	-0.62
	-0.30
	-0.69
	-0.59
	-0.71
	-0.38
	-0.20
	-0.22
	-0.34
	-0.73
	0.67
	-0.40
	-0.44
	-0.37
	0.51

	
	Nmass
	-0.61
	-0.28
	-0.67
	0.50
	-0.07
	-0.45
	0.87
	0.55
	-0.03
	-0.36
	-0.20
	-0.71
	-0.76
	0.16
	-0.47
	 
	0.63
	-0.77
	-0.39
	-0.53
	-0.29
	0.18
	-0.07
	0.52
	-0.26
	-0.29
	0.43
	0.81
	-0.25
	0.36
	0.53
	0.53
	-0.54

	
	Narea
	-0.42
	-0.52
	-0.38
	0.09
	-0.19
	-0.58
	0.62
	0.87
	0.22
	0.22
	0.25
	-0.89
	-0.26
	0.44
	-0.60
	0.62
	 
	-0.72
	0.01
	-0.47
	0.00
	-0.09
	-0.27
	0.15
	0.31
	0.23
	0.17
	0.25
	-0.10
	0.17
	0.13
	0.16
	-0.22

	
	LMF
	0.54
	0.52
	0.65
	-0.31
	0.18
	0.61
	-0.88
	-0.72
	-0.15
	0.14
	0.26
	0.62
	0.52
	-0.43
	0.67
	-0.77
	-0.70
	 
	-0.07
	0.38
	-0.03
	-0.24
	-0.01
	-0.33
	-0.06
	-0.02
	-0.38
	-0.65
	0.65
	-0.48
	-0.42
	-0.35
	0.22

	Leaf dimensions
	CL
	-0.45
	-0.79
	0.24
	-0.93
	-0.76
	-0.55
	-0.17
	0.05
	0.33
	0.21
	0.48
	0.00
	0.52
	0.81
	-0.60
	-0.19
	0.02
	-0.02
	 
	0.82
	0.99
	0.51
	0.63
	-0.09
	0.68
	0.74
	0.00
	0.07
	-0.28
	0.05
	0.00
	-0.17
	-0.25

	
	CCA
	-0.36
	-0.52
	0.26
	-0.79
	-0.62
	-0.36
	-0.33
	0.05
	0.05
	0.26
	0.64
	-0.12
	0.52
	0.74
	-0.55
	-0.19
	0.17
	0.12
	0.79
	 
	0.64
	0.77
	0.91
	-0.33
	-0.07
	0.01
	-0.29
	0.06
	-0.04
	-0.28
	-0.25
	-0.08
	-0.20

	
	LL
	-0.64
	-0.73
	-0.04
	-0.53
	-0.72
	-0.42
	0.08
	0.22
	0.28
	0.18
	0.18
	-0.12
	0.24
	0.83
	-0.70
	-0.03
	0.20
	-0.13
	0.98
	0.71
	 
	0.43
	0.77
	0.15
	0.65
	0.69
	0.15
	0.23
	-0.27
	0.12
	0.19
	0.03
	-0.34

	
	LW
	-0.83
	-0.76
	-0.54
	0.01
	-0.65
	-0.15
	0.42
	0.33
	-0.15
	-0.02
	-0.45
	-0.12
	-0.33
	0.58
	-0.60
	0.35
	0.24
	-0.38
	0.55
	0.52
	0.64
	 
	0.96
	0.91
	-0.29
	-0.29
	0.91
	0.82
	-0.89
	0.90
	0.95
	0.74
	-0.49

	
	LA
	-0.83
	-0.66
	-0.42
	-0.18
	-0.75
	-0.24
	0.25
	0.14
	-0.15
	-0.14
	-0.24
	-0.08
	-0.19
	0.76
	-0.71
	0.21
	0.13
	-0.27
	0.71
	0.60
	0.82
	0.92
	 
	0.93
	-0.18
	-0.13
	0.87
	0.88
	-0.78
	0.84
	0.97
	0.51
	-0.64

	
	LT
	-0.70
	-0.32
	-0.47
	0.52
	-0.20
	0.12
	0.68
	0.38
	0.00
	-0.12
	-0.17
	-0.53
	-0.70
	0.12
	-0.22
	0.72
	0.28
	-0.23
	-0.14
	-0.25
	0.27
	0.48
	0.45
	 
	-0.27
	-0.32
	0.90
	0.80
	-0.58
	0.81
	0.99
	0.99
	-0.49

	Leaf shape
	P2/A
	0.54
	0.21
	0.71
	-0.71
	0.03
	-0.07
	-0.77
	-0.35
	0.21
	0.36
	0.70
	0.26
	0.82
	-0.05
	0.31
	-0.61
	-0.15
	0.65
	0.45
	0.48
	0.12
	-0.47
	-0.31
	-0.53
	 
	0.99
	-0.23
	-0.25
	0.10
	-0.27
	-0.27
	-0.32
	0.04

	
	L/W
	0.30
	0.22
	0.66
	-0.72
	-0.20
	-0.22
	-0.61
	-0.30
	0.20
	0.21
	0.87
	0.02
	0.71
	0.33
	-0.10
	-0.50
	-0.04
	0.39
	0.71
	0.81
	0.28
	-0.42
	-0.10
	-0.48
	0.77
	 
	-0.29
	-0.24
	0.13
	-0.33
	-0.31
	-0.37
	0.00

	Mid-lamina cell traits
	CLA
	-0.70
	-0.70
	-0.67
	0.18
	-0.53
	-0.37
	0.77
	0.52
	0.00
	-0.12
	-0.62
	-0.17
	-0.43
	0.67
	-0.67
	0.45
	0.28
	-0.83
	0.43
	0.11
	0.60
	0.83
	0.83
	0.25
	-0.72
	-0.53
	 
	0.63
	-0.99
	0.96
	0.93
	0.88
	-0.27

	
	LLAF
	-0.90
	-0.60
	-0.40
	0.05
	-0.68
	-0.48
	0.85
	0.50
	0.28
	-0.13
	-0.17
	-0.55
	-0.52
	0.68
	-0.75
	0.72
	0.37
	-0.68
	0.43
	0.21
	0.67
	0.65
	0.77
	0.65
	-0.58
	-0.23
	0.67
	 
	-0.63
	0.57
	0.88
	0.84
	-0.76

	
	CPA
	0.58
	0.72
	0.52
	-0.13
	0.45
	0.27
	-0.65
	-0.53
	-0.12
	-0.07
	0.60
	0.05
	0.28
	-0.58
	0.53
	-0.22
	-0.20
	0.67
	-0.43
	0.04
	-0.60
	-0.73
	-0.72
	-0.20
	0.60
	0.53
	-0.95
	-0.55
	 
	-0.96
	-0.66
	-0.58
	-0.02

	
	CLL
	-0.33
	-0.60
	-0.40
	0.15
	-0.22
	-0.07
	0.48
	0.42
	0.13
	0.15
	-0.65
	0.22
	-0.12
	0.37
	-0.30
	0.02
	0.00
	-0.53
	0.29
	-0.29
	0.43
	0.58
	0.53
	0.02
	-0.55
	-0.57
	0.87
	0.35
	-0.95
	 
	0.86
	0.79
	-0.11

	
	CLW
	-0.82
	-0.47
	-0.43
	0.27
	-0.45
	-0.27
	0.78
	0.47
	0.22
	-0.17
	-0.05
	-0.62
	-0.57
	0.55
	-0.62
	0.70
	0.37
	-0.55
	0.43
	0.21
	0.60
	0.52
	0.68
	0.78
	-0.58
	-0.20
	0.53
	0.93
	-0.43
	0.23
	 
	0.98
	-0.46

	
	CLH
	-0.70
	-0.19
	-0.37
	0.45
	-0.18
	0.08
	0.58
	0.20
	-0.03
	-0.28
	-0.19
	-0.36
	-0.65
	0.09
	-0.28
	0.64
	0.10
	-0.25
	-0.14
	-0.14
	0.18
	0.45
	0.43
	0.92
	-0.61
	-0.43
	0.27
	0.72
	-0.15
	0.02
	0.83
	 
	-0.68

	
	IWT
	0.88
	0.30
	0.49
	-0.19
	0.54
	0.28
	-0.54
	-0.20
	0.24
	0.41
	0.08
	0.53
	0.64
	-0.50
	0.65
	-0.70
	-0.32
	0.39
	-0.17
	-0.29
	-0.39
	-0.62
	-0.67
	-0.77
	0.49
	0.20
	-0.33
	-0.78
	0.12
	0.13
	-0.80
	-0.83
	 


Table S4.  Factor-loadings of first two principal components for 18 traits determined for ten Hawaiian moss species; the five traits most strongly correlated with each principal components are bold-faced.  Trait symbols as in Table A2.
	Variable
	PC 1
	PC 2

	Eigenvalue
	7.0
	4.7

	% of total variance explained
	39
	26

	Is
	-0.2376
	0.2676

	Ic
	-0.2592
	-0.2192

	Amass
	0.1299
	0.3990

	AN
	-0.2090
	0.2863

	QEmass
	0.3188
	0.0390

	Rmass
	-0.0002
	-0.2037

	LMA
	-0.0960
	-0.3492

	LAI
	-0.2465
	0.1339

	CMA
	-0.2835
	-0.2660

	CD
	-0.2887
	0.2300

	Nmass
	0.2911
	0.1065

	LMF
	-0.2999
	0.0431

	LL
	0.1068
	-0.3665

	LA
	0.2244
	-0.1299

	L/W
	-0.1158
	-0.3964

	CLH
	0.2639
	0.0849

	IWT
	-0.2846
	0.0461

	XLAF
	0.2830
	-0.0432
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Figure S1. Principal component analysis of 18 traits from ten Hawaiian mosses:  (a) Loading plot of first and second components, (b) Species loadings on the first and second components. Trait and species names as in Fig. 2, and Tables A1 and A2. Symbols: closed, ground-dwelling; tinted, trunk-dwelling; open, branch-dwelling.
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Figure S2.  Independence of photosynthetic traits and light-saturated net photosynthesis per area: (a) saturation irradiance (Is), (b) compensation irradiance (Ic), (c) quantum efficiency (area basis; QEarea), (d) dark respiration per area (Rarea), (e) leaf mass per area (LMA), and (f) leaf area index (LAI). Species names as in Fig. 2, and Tables A1 and A2. Symbols: closed, ground-dwelling; tinted, trunk-dwelling; open, branch-dwelling.
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