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Summary

1. Arctic ecosystems are experiencing rapid climate change, which could result in positive feed-

backs on climate warming if ecosystem carbon (C) loss exceeds C uptake through plant growth.

Bryophytes (mosses, liverworts and hornworts) are important components of Arctic vegetation,

but are currently not well represented in terrestrial C models; in particular, seasonal patterns in

bryophyte C metabolism compared to vascular plant vegetation are poorly understood.

2. Our objective was to quantify land-surface CO2 fluxes for common sub-Arctic bryophyte

patches (dominated by Polytrichum piliferum and Sphagnum fuscum) in spring (March–May)

and during the summer growing season (June–August) and to develop a simple model of bryo-

phyte gross primary productivity fluxes (PB). We use the model to explore the key environmental

controls over PB for P. piliferum and S. fuscum and compare seasonal patterns of productivity

with those of typical vascular plant communities at the same site.

3. The modelled total gross primary productivity (RPB) over 1 year (March – November) for

P. piliferum was c. 360 g C m)2 ground and for S. fuscum c. 112 g C m)2 ground, c. 90% and

30% of total gross primary productivity for typical vascular plant communities (RPV) over the

same year. In spring (March–May), when vascular plant leaves are not fully developed, RPB for

P. piliferum was 3 · RPV.

4. Model sensitivity analysis indicated that bryophyte turf water content does not significantly

affect (March–November) RPB for P. piliferum and S. fuscum, at least for periods without sus-

tained lack of precipitation. However, we find that seasonal changes in bryophyte photosyn-

thetic capacity are important in determining RPB for both bryophyte species.

5. Our study implies that models of C dynamics in the Arctic must include a bryophyte compo-

nent if they are intended to predict the effects of changes in the timing of the growing season, or

of changes in vegetation composition, on Arctic C balance.

Key-words: carbon, CO2 flux, gross primary productivity, moss, photosynthesis, tundra, snow

melt

Introduction

The Arctic climate is changing at a faster rate than the rest

of the globe. Surface temperatures in the Arctic have

increased at a rate of c. 0Æ4 �C per decade between 1966

and 2003 (McBean et al. 2005). If average annual global

temperatures increase by 4 �C by the end of the century,

large regions of the terrestrial Arctic are predicted to expe-

rience warming of 6 �C or more (Sanderson, Hemming &

Betts 2011). Increases in Arctic surface temperature will be

accompanied by shifts in ecosystem function, which could

potentially result in the net release to the atmosphere of

CH4 or CO2 from large stocks of organic C in northern

permafrost soils; there is c. 98 Pg of C in North American

Arctic soils alone (Ping et al. 2008). Increases in respira-

tory CO2 flux that may result from warmer soils and melt-

ing permafrost may, however, be partially offset by

enhanced plant productivity through greater availability of

nutrients, and extension of the growing season (Schuur

et al. 2009).*Correspondence author. E-mail: l.e.street@sms.ed.ac.uk
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Current understanding of photosynthesis in vascular plant

canopies is well developed, with strong relationships demon-

strated between vascular plant traits, such as leaf area, leaf N

content and gross primary productivity (Shaver et al. 2007;

Street et al. 2007;Williams et al. 2006). Bryophytes, however,

are an important component of Arctic plant communities

that have received relatively little research attention (but see,

for example, Cornelissen et al. 2007; Douma et al. 2007).

Existing estimates suggest that bryophytes account for a sig-

nificant fraction of land-surface C uptake; bryophyte net pri-

mary productivity (NPP) accounts for around 25–30% of

total above-groundNPP for Alaskan tussock tundra (Chapin

et al. 1995), coastal tundra near Barrow (Miller et al. 1980)

and Scandinavian tundra heath in the late summer (Campioli

et al. 2009). Bryophytes can dominate photosynthetic CO2

fluxes where they form a continuous cover (Douma et al.

2007) and can act as an important buffer against soil CO2

losses to the atmosphere, assimilating as much as 51–98% of

the daily respiratory CO2 released from Siberian tundra soils

(Sommerkorn, Bolter &Kappen 1999).

Bryophyte physiology differs from that of vascular plants

with important consequences for land-atmosphere CO2

fluxes. Bryophytes do not have stomata and lose water readily

from their tissues (Proctor 2000), they also lack roots so are

unable to extract water from depth within the soil profile.

Bryophytes instead depend on the availability of water in the

environment, from either humid air, the surface substrate or

precipitation. Many species are adapted to survive long

periods of desiccation. It follows that where bryophytes are a

significant component of vegetation, the influence of external

environmental conditions on photosynthesis will differ from

that of vascular plant-dominated vegetation.

Recognition of the importance of bryophytes in the land-

atmosphere exchange of CO2 is growing (Huemmrich et al.

2010; Wania, Ross & Prentice 2009a,b), but the data support-

ing model representations are sparse. Much of the existing lit-

erature on Arctic bryophyte photosynthesis is based on

laboratory measurements (Oechel & Collins 1976) or on field

measurements on excised shoots where the natural structure

of the bryophyte canopy had been disturbed (Harley et al.

1989; Murray et al. 1989). Few in situCO2 flux data are avail-

able on a per unit land-surface-area basis, and none cover the

period during or immediately after snow melt (Douma et al.

2007; Miller et al. 1976; Oechel 1976; Sommerkorn, Bolter &

Kappen 1999). Recent studies in the high Arctic that indicate

the important bryophyte contribution to productivity (Arn-

dal et al. 2009), especially after vascular plant senescence

(Uchida et al. 2010), do not explicitly partition ecosystem

CO2 fluxes into bryophyte and vascular components.

In this study, we quantify land-atmosphere photosynthetic

CO2 fluxes (PB) for two common Arctic bryophyte species,

Polytrichum piliferum and Sphagnum fuscum (Fig. 1), and

extrapolate measured in situ bryophyte fluxes (PB) through

time using simple models parameterised from laboratory

observations. These models account for the influence of irra-

diance, bryophyte turf water content, snow cover and phenol-

ogy on PB. We also estimate vascular plant photosynthetic

CO2 fluxes (PV) using a previously published model parame-

terised at the same sub-Arctic site at Abisko, Sweden. We

combine measurements and models to address the following

questions: (i) What are the controls over PB in these species?

and (ii) How does PB compare to PV across the growing sea-

son at the same site? We hypothesise that seasonal changes in

photosynthetic capacity in bryophytes are less important than

seasonal fluctuations in surface moisture content in control-

ling photosynthesis over the course of a year. We also expect

that the relative contribution of PB to be largest from March

to May, the period during which the vascular plant canopy

has yet to develop, but when moisture availability is high

owing to snow melt, and when surface temperatures are

above freezing. This study is the first to present in situ CO2

flux data for bryophytes before the end of the snow season in

the sub-Arctic.

Materials and methods

F I E L D M E A S U R E M E N T S

Site description

Our field site was located near Abisko in northern Sweden, on a hill-

side c. 6 km south of Lake Torneträsk (68�18¢N,18�51¢E). Mean

(a)

(b)

Fig. 1. Patches of (a) Polytrichum piliferum and (b) Sphagnum

fuscum with chamber bases, surface moisture, temperature and

volumetric water content (h) sensors in place.
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annual temperature in the Abisko valley is )1 �C,mean July tempera-

ture is 11 �C, and annual precipitation averages c. 300 mm (Abisko

Research Station, ANS). We chose to measure CO2 flux on two com-

mon bryophyte species, both of which grow in continuous patches at

the site: Sphagnum fuscum (Schimp.) H. Klinggr. forms hummocks in

poorly drained areas, and Polytrichum piliferum Hedw. is locally

abundant in rocky areas with thin organic soils (Fig. 1). The vascular

vegetation at the site is dominated by ericaceous tundra heath com-

posed of evergreen Empetrum nigrum L. (previously known as Empe-

trum hermaphroditum Hagerup), with dwarf shrubs Betula nana L.

and Salix spp. in sheltered depressions, and barren cryptogam-domi-

nated areas on exposed ridges.

Environmental conditions

Environmental conditions forP. piliferumandS. fuscumpatcheswere

monitored from June 2007 to August 2009 (at one flux plot for each

species, Fig. 1). Bryophyte temperaturewasmeasured at 0Æ02 mdepth

below the surface (defined as the top of themossmat), and air temper-

ature, 0Æ03 m above the surface (with appropriate shielding from radi-

ation) using HOBO 8-bit temperature sensors. Volumetric water

content (h, m3 m)3) was measured for the top 0Æ01–0Æ05 m of bryo-

phyte carpet using HOBO ECH2O soil moisture probes (Onset Inc,

Pocasset, MA, USA). Data were recorded every 5 min using HOBO

Micro-Station data loggers (Onset Inc). We calibrated the soil mois-

ture probes against destructive measurements of turf h and calculated

turf relative water content (u) as a percentage of dry mass. For details

on the calibrationprocedure, seeAppendix S1 in Supporting Informa-

tion.

We measured light transmission through the snow pack on 2, 13,

15 and 20April 2008. For details see Appendix S1.

Field CO2 fluxes

Wemeasured the net ecosystem exchange of CO2 (Fc) (positive Fc rep-

resenting a net flux from ecosystem to atmosphere) on three replicate

bryophyte patches of S. fuscum and P. piliferum using a

0Æ2 · 0Æ2 · 0Æ13 m closed chamber system, on five dates from 21 June

to 15 August 2007 and on 11 dates between 30 March and 25 April

2008. We selected which patches to measure based on continuous

cover of each species on a level surface, to allow installation of the

chamber bases. Methods followed Douma et al. (2007); for further

details of the measurement protocol see Appendix S1. For each repli-

cate plot, we made a series of Fc measurements under ambient and

manipulated light conditions to create Fc light response curves. We

first measured three replicates of Fc under ambient light conditions,

followed by 4–7 measurements under sequentially reduced light con-

ditions, created using layers of optically neutral shade cloth. We then

Table 1. List of symbols and units

Variable Description Units

h Volumetric water content m3 m)3

u Relative water content % dry mass

I Irradiance lmol photons m)2 s)1

Is Irradiance under snow lmol photons m)2 s)1

PB Gross bryophyte photosynthetic CO2 flux lmol CO2 m
)2 s)1

RPB Total bryophyte gross primary productivity for specified period g C m)2

PV Gross vascular photosynthetic CO2 flux lmol CO2 m
)2 s)1

RPV Total gross vascular primary productivity for specified period g C m)2

Fc Net ecosystem exchange lmol CO2 m
)2 s)1

RE Ecosystem respiration lmol CO2 m
)2 s)1

Pmax Theoretical light-saturated gross photosynthesis lmol CO2 m
)2 s)1

K Half-saturation constant of photosynthesis lmol photons m)2 s)1

PTref Pmax measured at the reference temperature lmol CO2 m
)2 s)1

T Temperature K

Tref Reference temperature for photosynthesis K

DS Entropy term J K)1 mol)1

Ea Activation energy J mol)1

Ed Deactivation energy J mol)1

R Gas constant 8Æ3143 J K)1 mol)1

Topt Optimum temperature for photosynthesis K

wa Parameter controlling response of photosynthesis to u (%))2

wb Parameter controlling response of photosynthesis to u (%))1

wc Parameter controlling response of photosynthesis to u Dimensionless

s Light transmission through the snow pack %

S Snow depth m

D Day of year Days

XW Adjustment factor for bryophyte relative water content Dimensionless

XD Adjustment factor for day of year Dimensionless

r Parameter representing photosynthetic capacity immediately

after snow melt, relative to summer capacity

Dimensionless

Dmin Day of year at which increase in photosynthetic capacity commences Days

Dmax Day of year at which maximum photosynthetic capacity is reached Days

PmaxL Light-saturated vascular photosynthesis per unit leaf area lmol m)2 leaf s)1

k Beer’s law extinction coefficient Dimensionless

e0 Initial slope of the light response curve lmol C lmol)1 photons

� 2012 The Authors. Functional Ecology � 2012 British Ecological Society, Functional Ecology, 26, 365–378

Seasonal bryophyte productivity in the sub-Arctic 367



made three replicate measurements under fully darkened conditions

to quantify ecosystem respiration (RE). We subtracted Fc from mean

RE to calculatePB.

During the spring 2008 measurement period, we followed the

methods of Grogan & Jonasson (2006) and removed snow from the

plots to measure CO2 flux at the ground surface. We allowed at least

35 min post snow removal beforemaking ameasurement.

We also altered the measurement sequence, making additional

measurements ofRE before decreasing the light level from ambient in

stages, then re-measured respiration and repeated the sequence from

ambient light back to zero (Fig. S1 in Supporting Information). We

did this to detect any potential chamber effects on the background

rate ofRE, a particular concern under cold conditions and after snow

removal. Where possible, we took a small sample of bryophyte mate-

rial to measure tissue u (for methods see Appendix S1), but did not

take turf samples as the ground was frozen. InMarch–April 2008, we

also made three measurements of ambient Fc, followed by three RE

measurements, on five replicate plots dominated by E. nigrum at the

same site to assess photosynthetic activity.We used the 0Æ2 m · 0Æ2 m

chamber and followed the same procedure as for the bryophyte flux

measurements.

We calculated Fc from the rate of change in CO2 concentration

within the chamber (see Appendix S1) We then fitted rectangular

hyperbola light response curves to the data using nonlinear least

squares curve fitting inMatlab version 7.8.0 (MathWorks 2009):

PB Ið Þ ¼ PmaxI

Iþ K
eqn 1

where Pmax is the rate of light-saturated photosynthesis and K is the

half-saturation constant of photosynthesis. We used the fitted in situ

PB light response curves to adjust instantaneous in situ rates of PB for

differences in I between the instantaneous measurement and the

half-hourly average I used to drive the model. Table 1 contains a list

of symbols and units.

L A B O R A T O R Y M E A S U R E M EN T S

Photosynthesis response curves

We used laboratory-based CO2 exchange measurements on samples

of P. piliferum and S. fuscum to parameterise the bryophyte flux (PB)

model. We harvested c. 0Æ07 · 0Æ07 m turfs of P. piliferum and

S. fuscum on 24 August 2007 and placed the turfs within controlled

growth room facilities in theUKwithin 4 days. Conditions within the

growth rooms were maintained at 12 �C with a 16 ⁄ 8-hour light ⁄ dark
cycle until the beginning of November 2007. CO2 flux measurements

were made using a Walz gas analyser (Walz GmbH, Effeltrich,

Germany) connected to a transparent ‘mini-cuvette’ in continuous

differential mode. Turfs were trimmed to 0Æ04 · 0Æ04 m and placed

within the cuvette. The CO2 flux was allowed to stabilise for 2–3 min

before a measurement was recorded. Light was supplied by two small

halogen lamps, the intensity of which was adjusted using multiple

sheets of optically neutral tissue paper placed over the cuvette. Air

temperature, bryophyte turf temperature and light intensity were

monitored inside the cuvette.

To quantify the response of photosynthesis to bryophyte turf water

content, turfs of each species were fully wetted by soaking in distilled

water. Net CO2 fluxes (Fc) at I of 630 and 0 lmol m)2 s)1 were then

measured at intervals as each turf dried evaporatively within the

growth rooms, over 4 days.Wemeasured the total weight of each turf

before and after each flux measurement and subtracted Fc from the

CO2 flux at zero light (turf respiration) to calculate gross photosyn-

thesis. We dried the S. fuscum sufficiently to observe a decrease in

photosynthetic activity but did not allow the turfs to become fully des-

iccated (the minimum u for S. fuscumwas 280% and P. piliferumwas

65%, Fig. 5b). After the driest measurements, the turfs were re-wetted

to optimal water content based on total turf weight. The turfs were

allowed to recover in the growth rooms for at least 20 h, after which

we measured the light response of PB at 12 �C, then 5 �C and then

20 �C. The photosynthetic apparatus of both these moss types recov-

ers quickly from desiccation, with full capacity reached within 24 h of

re-wetting (from u < 50%) for bothPolytrichum formosum (Proctor,

Ligrone &Duckett 2007) and S. fuscum (Hájek &Beckett 2008).

Ateachtemperature,PBmeasurementsweremadeat Ivaluesof500,

200, 100, 50, 1000 and then 0 lmol m)2 s)1. During these measure-

ments, the turfswerekeptatwater contentsoptimal forphotosynthesis

(on the basis of sampleweight) by supplying small amounts ofwater to

thebaseof the turf, andmistingthetopofeachturf,afterameasurement.

After measurements were completed, we removed the greenP. pilife-

rum photosynthetic tissue and the S. fuscum capitula and weighed

after drying at 70 �C for 3 days. There is very little photosynthetic

activitybelowthecapitulumregioninS. fuscum (Streetet al.2011).

M O D E L L I N G

Bryophyte flux (PB) model

The basic bryophyte flux (PB) model consists of a rectangular hyper-

bola PB response to irradiance (eqn 1), with the theoretical light-satu-

rated rate of photosynthesis (Pmax) varying as an Arrhenius function

of temperature (eqns 2 and 3) (Warren&Dreyer 2006):

where

Pmax ¼
PTrefe

Ea
RTref
� 1�Tref

T

� �h i
1þ e

DST�Ed
RT

� � 1þ e
DSTref�Ed

RTref

� � !
eqn 2

andwhere

DS ¼
Ed

Topt
þ R ln

�Ea

Ea � Ed

� 	
eqn 3

Pmax is the theoretical light-saturated rate of photosynthesis, K is the

half-saturation constant, PTref is Pmax measured at the reference

temperature Tref (in this case 278 K), T is temperature, DS is an

entropy term, Ea is the activation energy, Ed is the deactivation

energy,R is the gas constant, andTopt is the temperature optimum for

photosynthesis.

Modifications for bryophyte turf water content

To account for the effect of turf moisture content on PB, we added a

polynomial adjustment factor (Xw) to the basic PB light–temperature

model.Xw varied between 0 and 1, dependant on u:

PB I; uð Þ ¼ PmaxI

Iþ K
Xw eqn 4

where

Xw ¼ wau2 þ wbuþ wc eqn 5

where Xw is the water content adjustment factor and wa, wb and wc

are parameters.
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Modifications for impact of snow on irradiance

To account for the impact of snow on light transmission to the bryo-

phyte surface, we added a snow depth ⁄ I function that was parameter-

ised in the field:

PB I;Sð Þ ¼ PmaxIs
Is þ K

eqn 6

Where:

Is ¼
I; ifS ¼ 0m

I� s; if 0m<S<0:03m
0; ifS>0:03m

8<
: eqn 7

Where Is is estimated irradiance under snow, I is incident radiation,

s is light transmission through the snow pack, and S is snow depth.

We did not have continuous direct observations of snow cover

over the plots, and albedo and snow depth measurements at a

nearby eddy covariance station cannot account for the heteroge-

neous pattern of melt across the tundra landscape. We instead used

measurements of air temperature at 0Æ03 m (one sensor located

above one flux plot for each species) and 1Æ5 m above the surface (at

meteorological station 50 m away) to estimate the presence or

absence of snow over the plots for each species. For each day of the

year (D), we assumed that the temperature sensors at 0Æ03 m were

covered by snow, and the snow depth was therefore > 0Æ03 m, if

and only if (i) the daily maximum air temperature at 1 m was

>0 �C, but the 0Æ03 m maximum air temp was £0 �C) or (ii) the

amplitude of daily air temperature fluctuations was greater at 1Æ5 m

than at 0Æ03 m. Otherwise, we assumed snow depth was <0Æ03 m.

After the final predicted snow day of each winter, we assumed all

snow had melted from the plots once the minimum daily air temper-

ature at 0Æ03 m > 1 �C. If snow depth was >0Æ03 m, the irradiance

under snow was assumed to be 0. If snow depth was <0Æ03 m but

>0, we estimated irradiance under snow to be 40%, assuming

0Æ03 m snow depth. The transmission of light through the snow over

time varies continuously as snow melts and accumulates. The effect

of these assumptions on modelled PB is described later in a formal

uncertainty analysis.

Parameterising the PB models

We parameterised the PB model using laboratory flux data. For each

sample, we fitted a light response curve (eqn 1) at each temperature (5,

12 and 20 �C). We then fitted the Arrhenius temperature response

curves to the Pmax values at each temperature (eqns 2 and 3). We esti-

mated parameters Ea and Ed by assuming a PB temperature optimum

of 30 �C for each species following Longton (1988), who reported

increasing gross photosynthesis up to 30 �C forP. alpinum at Barrow,

Harley et al. (1989), who reported a temperature optimum for S. fu-

scum in Alaskan tussock tundra of >30 �C, and Skre & Oechel

(1981), who reported a temperature optimum for S. fuscum of

>25 �C in interior Alaskan taiga. To ensure that the fitted curve had

a defined optimum (we did not measure at high enough temperatures

to record temperature inhibition of photosynthesis and therefore con-

strain the Arrhenius function above 20 �C), we included an assumed

zero point for photosynthesis at 65 �C when fitting the Arrhenius

function.Tref was 5 �C andPTref was themeasuredPmax for each sam-

ple at the reference temperature.

To calculate the parameters wa, wb and wc, which define the shape

of the PB response to u, we used fitted values of K to calculate Pmax

for each of the turfs when measured during the drying experiment

(during this part of the experiment, we measured PB only at a con-

stant I of 630 lmol m)2 s)1). We then normalised the resulting Pmax

response curves by the maximum Pmax for each turf and fitted eqn 5

for each sample. All curve fitting was carried out using nonlinear least

squares inMatlab version 7.8.0 (MathWorks 2009).

We used the variability in fitted parameters across the five labora-

tory samples to represent natural variability between bryophyte

patches within the model. We generated normal distributions for

parameters Ea, Ed, K, wa, wb and wc using the mean and standard

deviation (SD) of fitted parameters from laboratory data. To account

for covariance between parameters, we generatedmultivariate normal

distributions based on the covariance matrices between the light and

temperature response parameters (Ea, Ed, K and PTref) and between

the parameters controlling the response to u (wa, wb and wc). We then

ran the model 300 times using random combinations of parameters

drawn from these distributions. Modelled PB is presented as the med-

ian, 10th and 90th percentile confidence interval (CI) of the 300model

runs.

Modifications for seasonal changes in photosynthetic

capacity

Initial analysis using the PB(I,u) model configuration gave unrealisti-

cally high PB in the spring (March–April) causing poor model fit

(Table 3). We therefore included a further factor (XD) to represent the

seasonal development of bryophyte photosynthetic capacity between

spring and summer:

PB I;Dð Þ ¼ PmaxI

Iþ K
XD eqn 8

with

XD ¼
r ; if 0<D<Dmin

1�r
Dmax�Dmin

� �
ðD�DminÞ þ r ; ifDmin<D<Dmax

1 ; ifDmax<D<365

8<
: eqn 9

WhereDmin is the day of year of onset of the increase in photosyn-

thetic capacity (assumed to be the day after the last spring measure-

ment, D = 115), Dmax is the date at which the maximum capacity is

reached (assumed to be the day before the first summer measurement,

D = 172), and r is a parameter representing relative photosynthetic

capacity immediately after snowmelt.Wemade a first approximation

of the value of r by calculating the ratio between the averagePmax (for

light curves where the maximum ambient I > 800 lmol m)2 s)1)

over the spring and summer measurement periods for each species

(for P. piliferum, r was 0Æ14; for S. fuscum, r was 0Æ04). We assumed

no decrease in photosynthetic capacity after the end of the summer

season (Hicklenton & Oechel 1977). The impact of the values of r,
Dmin andDmax, and alternative forms for eqn 9, are examined in detail

in the section ‘Bryophyte fluxmodel sensitivity’.

Vascular photosynthesis model

We used the canopy photosynthesis model of Shaver et al. (2007)

[hereafter referred to as the ‘photosynthesis–light–irradiance’ model
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or PV(L,I) model] to simulate PV for heath vegetation (dominated by

Empetrum nigrum) and dwarf birch (Betula nana)-dominated vegeta-

tion. Shaver et al. (2007) developed the model, which includes a respi-

ration component, from 1 m · 1 m chamber net CO2 flux data in

tundra vegetation dominated by vascular plants. For B. nana and

E. nigrum, the model was able to describe >85% of the variation in

net CO2 flux based on the leaf area, irradiance and temperature alone

(Shaver et al. 2007). The photosynthesis component of the model

[PV(L,I)] is driven by two inputs, leaf area index of vascular plants (L)

and irradiance (I):

PV L; Ið Þ ¼ PmaxL

k
ln

PmaxL þ e0I

PmaxL þ e0Ie �kLð Þ

� 	
eqn 10

where PmaxL is the light-saturated photosynthetic rate per unit leaf

area, k is the Beer’s law extinction coefficient, and e0 is the initial slope
of the light response curve. Model parameters for B. nana- and

E. nigrum-dominated vegetation were taken from Table 7 of Shaver

et al. (2007). We used the parameter standard deviations given in

Shaver et al. (2007) to generate normal distributions of parameters

and ran the model 300 times with random combination of these

parameters to quantify model uncertainty.

For the 2008–2009 period, we drove the PV(L,I) model using a sea-

sonal time series of L for both vascular species. To account for uncer-

tainty in the estimate of seasonal L development, we synthesised

measurements of L from several years at the same site and derive an

upper and lower envelope for the L time course, based on the avail-

able data. We ran the PV(L,I) model for the upper and lower and

mid-point estimates of L, assuming that the timing of leaf develop-

ment was representative for 2008 and 2009. Details on the leaf area

data used are given in Supplementary InformationAppendix S1.

Throughout the analysis, the symbol R is used to represent a total

photosynthetic C gain over a specified period, in g C m)2 (e.g. RPB),

as opposed to an instantaneous flux, in lmol m)2 s)1 (e.g.PB).

Results

F I E L D M E A S U R E M E N T S

Environmental conditions

The relationship between h and u differed significantly

between the two species (p < 0Æ001), reflecting that S. fuscum
held more water per unit volume of turf than P. piliferum

(Fig. S2). In situ minimum and maximum values of u during

summer (June–August) 2008 were 200% and 340% for P. pi-

liferum, and 620% and 1080% for S. fuscum (Fig. 2). There

was an increase in the water content of the bryophyte surface

during the snow melt period; for P. piliferum, u exceeded

Fig. 2. Relative water content (u) of the P. piliferum and S. fuscum at the Abisko, Sweden, study site at 0Æ01–0Æ05 m depth. Data gaps occur

when bryophyte surface temperature is below freezing (the probes do not function in frozen material) and for S. fuscum in early summer 2008

because of data logger malfunction. Vertical bars are half-hourly rainfall (mm).

Table 2. Plot descriptions with snow depths before snow removal (m) for 2008. Gaps in the table indicate that no flux measurements were made

for that plot on that day. Relative water content (u) of bryophyte photosynthetic tissues is given in parentheses

Plot Species

Snow depth (m) [u (% dry weight)]

31 March 02 April 03 April 10 April 11 April 12 April 13 April 15 April 20 April 22 April 25 April

1 S. fuscum 0Æ10 0 0Æ02 0

2 S. fuscum 0Æ12 0Æ12 0Æ11
*3 S. fuscum 0Æ09 0Æ09 0Æ09
4 P. piliferum 0Æ025 (114) 0 (226) 0Æ01 (218) 0 (333) 0Æ005 (284)
*6 P. piliferum 0 (356) 0Æ01 (200) 0 (285) 0 (291)

7 P. piliferum 0Æ065 0Æ08
27 E. nigrum 0

41 E. nig.+ V. uli. 0

47 E. nigrum 0

57 E. nigrum 0Æ01
58 E. nigrum 0

* indicates the location of HOBOmicro-station loggers and sensors.

V. uli., Vaccinium uliginosum.
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540% in April 2008, and for S. fuscum, u exceeded 1300% in

April 2009 (Fig. 2). Values of u for P. piliferum (leaves only)

during April 2008 measurement period were on average

256%, with aminimumof 114%on 31March (Table 2).

Measured transmission of light through the snow pack was

highly variable when the snow pack depth was <0Æ05 m. At

0Æ01 m depth, transmission varied between 20% and 80% of

incoming radiation (Fig. S3). Using an exponential regres-

sion (R2 = 0Æ64), predicted transmission of light was 6% at

0Æ10 m depth and 42% at 0Æ03 m depth. On the basis of air

temperature measurements, the predicted number of days

where snow depth >0Æ03 m for the P. piliferum logger site

was 18 for March–May 2008 and 27 for March–May 2009

(Fig. 3). The predicted number of snow days for the S. fu-

scum logger site was 51 for March–May 2008 and 48 for

March–May 2009. Snow depth observations in 2008 were

consistent with the predicted patterns of snow cover; on 25

April 2008, no snow was observed at the P. piliferum logger

site, and 0Æ09 m of snow was present at the S. fuscum logger

site (Table 2). The earliest predicted date of snow in 2008 was

29 October (D = 302), and the final date of snow melt for

P. piliferum and S. fuscumwas 29April (Fig. 3).

Field CO2 fluxes

Typical values of PB for P. piliferum at ambient light levels

were in excess of 4 lmol m)2 s)1 during June–August. PB for

S. fuscum was generally lower with typical values between 1

and 3 lmol m)2 s)1 (Figs 4a and 6a). Average light-saturated

photosynthesis (Pmax) during June–August for P. piliferum

was 6Æ5 ± 0Æ7 lmol m)2 s)1 and for S. fuscum

2Æ4 ± 0Æ3 lmol m)2 s)1. PB for P. piliferum in April at ambi-

ent light levels was up to 0Æ5 lmol m)2 s)1 (Figs 4b and 6b),

which corresponded to a net CO2 uptake by the bryophyte

surface of up to )0Æ3 lmol m)2 s)1 (Fig. S1). For S. fuscum,

PB did not exceed 0Æ1 lmol m)2 s)1 in April (Fig. 6b). PV for

E. nigrum during March–April was not significantly different

from zero (-0Æ01 ± 0Æ03 lmol m)2 s)1, data not shown). The

(a)

(b)

Fig. 3. Air temperature (�C) at 0Æ03 m for P. piliferum and S. fuscum and local air temperature at 1Æ5 m for March–May 2008 for (a) P. pilife-

rum and (b) S. fuscum. Predicted snow cover days are shaded grey.

(a)

(b)

Fig. 4. Light response curves for gross primary productivity (PB) in

P. piliferum and S. fuscum in Abisko, Sweden, on (a) 15 August 2007

and (b) 25 April 2008. Note the difference in the y-axis scales.
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average variance of repeatedREmeasurements (usually three)

for light curves measured in June–August indicated an aver-

age measurement error variance of 0Æ26 lmol m)2 s)1. Dur-

ing March–April, the average error variance on repeated

measurements of RE (usually between four and seven) for

each light curve was 0Æ01 lmol m)2 s)1. Measurements ofRE

in the spring season before, during and after the light response

curve indicated that the chamber effect on RE over the course

of the light curve was small (the average change inRE was not

significantly different from zero (t-test, n = 16, P = 0Æ11),
also see Fig. S1 for example light response curves plotted as

time series).

L A B O R A T O R Y M E A S U R E M EN T S

Differences in photosynthetic activity between P. piliferum

and S. fuscum in the field were also apparent in the laboratory

data; P. piliferum had higher rates of gross photosynthesis.

Pmax at 20 �C for P. piliferum varied between 4Æ2 and

6Æ0 lmol m)2 s)1 and for S. fuscum between 1Æ0 and

3Æ2 lmol m)2 s)1 (Fig. 5a). The minimum and maximum fit-

ted values of Ea and Ed for P. piliferum were 11 and

22 kJ mol)1 and 200 and 1302 kJ mol)1. For S. fuscum, Ea

was between 23 and 40 kJ mol)1 and Ed between 175 and

1230 kJ mol)1. The fitted optimum turf u for photosynthesis

was between 181% and 273% for P. piliferum and 185% and

701% for S. fuscum (Fig. 5b). The mean values of wa, wb and

wc for P. piliferum indicated that 90% photosynthetic capac-

ity was reached when u was between 170% and 320 %, and

for S. fuscum, 90% photosynthetic capacity was reached

when u was between 390% and 800 %. Average photosyn-

thetic tissue (green ‘leaf’) biomass for the P. piliferum flux

samples was 193 ± 10 g m)2, and capitulum biomass for

S. fuscumwas 211 ± 30 g m)2.

M O D E L L I N G

The bryophyte flux model

Initial analysis that compared modelled PB using PB(I,u),

parameterised using laboratory data, against independent

field measurements of PB indicated that the model overes-

timated PB during spring. The inclusion of XD in

PB(I,u,D), representing seasonal development of photosyn-

thetic capacity, increased the R2 of model vs. measured

flux for P. piliferum from 0Æ49 to 0Æ79 and for S. fuscum

from 0Æ62 to 0Æ76 (Table 3). Predicted RPB for March–

May decreased by more than two-thirds for both species

as a result of including XD. Inclusion of the adjustment

factor for turf water content, XW, did not improve the fit

of the model (Table 3); we therefore did not include XW

in further analysis. The PB(I,D) model configuration,

which accounted for seasonal increases in photosynthetic

capacity, but no response to u, explained 81% of the var-

iation in measured fluxes for P. piliferum and 81% for

S. fuscum, with root mean square error (RMSE) of 1Æ0
and 0Æ49 lmol m)2 s)1 (Table 3 and Fig. 6).

Including the effect of snow in the model PB(I,D,S) had no

significant impact onRPB (Table 3), assuming negligible light

transmission at snow depths >0Æ03 m and 40% light trans-

mission at snow depths <0Æ03 m. The PB(I,D,S) model pre-

dicted total (March–November) RPB for P. piliferum of

366 g C m)2 (10th–90th percentile CI of 308–434 g C m)2)

and for S. fuscum 111 g C m)2 (10th–90th percentile CI of

30–183 g C m)2). For P. piliferum, RPB during spring

(March–May) was 20% of RPB during summer (June-

August). Spring season C uptake by S. fuscum was 13% of

summer season uptake, assuming a linear increase in photo-

synthetic capacity between the end of April (D 115) and the

3rd week of June (D 172). Assuming no decline in photosyn-

thetic capacity after the end of the summer season, RPB for

September-November was 36% of summer RPB for P. pilife-

rum and 34% for S. fuscum (Table 3).

The PV(L,I) model

Representative peak growing seasonL for B. nana vegetation

was between 1Æ5 m2 m)2 (Street et al. 2007) and 3Æ0 m2 m)2

(a)

(b)

Fig. 5. Fitted light-saturated photosynthesis (Pmax) for laboratory-

measured S. fuscum and P. piliferum turfs in response to (a) tempera-

ture and (b) relative water content (u). Open symbols and solid lines

represent P. piliferum, grey symbols and dashed lines represent S. fu-

scum, and different shaped symbols indicate different sample turfs.
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(Campioli 2008). E. nigrum peak season L was lower,

between 1Æ25 (Street et al. 2007) and 2Æ0 m2 m)2 (V. Sloan

2011) (Fig. 7). The PV(L,I) model predicts zero PV when L is

zero. ThemaximumL estimates gave aMarch–MayRPV esti-

mate of 11 g C m)2 for B. nana and a 91 g C m)2 estimate

for E. nigrum. Growing season estimates of RPV for mini-

mum and maximum L values were relatively more

constrained, ranging from 263 to 380 g C m)2 for E. nigrum

heath and 295 to 386 g C m)2 for B. nana communities

(Table 3). Using the mid-point estimates of L, total

(March-November) RPV for B. nana-dominated vegetation

was 411 g C m)2, 2% of which occurred during spring

(a)

(b)

Fig. 6. Modelled andmeasured PB (corrected for ambient light conditions) for (a) June–August 2007 and (b)March–April 2008. Open symbols

and solid lines representP. piliferum, grey symbols and dashed lines represent S. fuscum, and different shaped symbols indicate the three replicate

plots.Errorsbarsare the90%confidence interval for thePB light responsecurve.Grey-shadedareas showthe 10th–90thpercentile ofmodelledPB.

Table 3. Root mean squared error (RMSE, in lmol m)2 s)1) and r2 for linear regressions of modelled vs. measured gross primary productivity

(PB) for different configurations of the PB model. For each configuration, RPB (g C m)2) with 10th–90th percentile confidence interval is given

for the spring season (March–May 2008 and 2009), summer season (June–August 2008) and autumn season (September–November 2008). I

indicates that the model includes a light response;D, a day of year response; u, a water content response; and S, a snow depth response. RPV for

the same periods for B. nana andE. nigrum vegetation is calculated for maximum, mid and minimum L time series using the photosynthesis–leaf

area–irradiance [PV(L,I)] model.

PB model Species r2 RMSE

RPB

March–May 08 June–August 08 September–November 08 March–May 09

PB(I,u) P. piliferum 0Æ49 2Æ0 131 (101–163) 234 (191–279) 84 (79–99) 147 (119–176)

S. fuscum 0Æ62 0Æ8 41 (10–74) 73 (22–122) 24 (4–44) 39 (10–70)

PB(I,D,u) P. piliferum 0Æ79 1Æ1 40 (31–49) 228 (190–270) 84 (71–98) 46 (38–54)

S. fuscum 0Æ76 0Æ6 10 (3–17) 72 (21Æ3–118) 26 (7–44) 9 (2–16)

PB(I,D) P. piliferum 0Æ81 1Æ0 46 (39–55) 238 (199–282) 85 (71–100) 48 (40–56)

S. fuscum 0Æ81 0Æ5 9 (2–16) 73 (20–119) 25 (6–42) 9 (2–16)

PB(I,D,S) P. piliferum – – 46 (39–54) 235 (197–281) 85 (72–99) 47 (40–56)

S. fuscum – – 10 (2–17) 76 (21–121) 26 (6–45) 10 (3–17)

PV model with Species

RPV

March–May 08 Jun–Aug 08 September–November 08 March–May 09

Max L E. nigrum 92 (86–97) 380 (345–419) 55 (51–59) 94 (89–100)

B. nana 12 (11–13) 386 (339–434) 37 (34–40) 11 (10Æ8–11Æ9)
Mid L E. nigrum 29 (27–31) 340 (309–369) 22 (21–23) 28 (26–29)

B. nana 6 (6Æ0–6Æ5) 359 (328–392) 46 (43–49) 6 (5Æ7–6Æ2)
Min L E. nigrum 0 (0–0) 263 (245–280) 0Æ14 (0Æ13–0Æ14) 0 (0–0)

B. nana 0 (0–0) 295 (272–319) 0Æ19 (0Æ18–0Æ19) 0 (0–0)
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(March-May) and 11% during autumn (September-Novem-

ber). Total (March–November) RPV for E. nigrum-domi-

nated communities was 391 g C m)2, 7% of which occurred

during spring (March–May) and 6% during autumn

(September-November, Table 3).

Comparing bryophyte and vascular productivity

Again assuming that L development followed the mid-point

estimate, total (March–November) RPB for P. piliferum was

c. 90% and for S. fuscum c. 30% of shrub tundra vegetation

(Table 3 and Fig. 8a). For P. piliferum in March–May, PB

was 160% of the PV estimate for E. nigrum and 780 % for

B. nana (assuming again the mid-point estimate of L). For

S. fuscum, PB in March–May was 33% of PV for E. nigrum

and 150%ofPV forB. nana (Table 3).

Bryophyte flux model sensitivity

We explored the sensitivity of the model outputs to both

changes in major model assumptions (Table 4) and to

one-dimensional perturbations in model parameters

(Table 5).

Model assumptions

Photosynthesis at low temperatures. We assumed that

the Arrhenius temperature response was applicable below

5 �C despite a lack of laboratory data or literature informa-

tion on the response of gross photosynthesis to temperature

below freezing. The Arrhenius fits, however, predicted pho-

tosynthetic activity at temperatures below literature values

for the minimum temperature of physiological activity for

P. piliferum and S. fuscum. We tested this model assump-

tion by setting photosynthesis to zero below the minimum

values for physiological activity of )7Æ5 �C for P. piliferum

(Longton 1988) and )1 �C for S. fuscum (Gaberščik &

Martinčič 1987). The effect of this model assumption on

total spring PB, however, was negligible (<3 g C m)2)

(Table 4).

The time course of development of photosynthetic capac-

ity. We assumed a linear increase in photosynthetic capac-

ity between the end of the spring (March–May)

measurement period and the beginning of the summer

(June–August) measurement period. We test two alternative

scenarios meant to represent end-members: (i) full photosyn-

thetic capacity is reached 3 days after snow melt, PB(I,D,-

S)early, and (ii) full photosynthetic capacity is reached 3 days

before the first summer measurement, PB(I,D,S)late. These

scenarios significantly affect the spring (March–May) RPB:

the early scenario leads to an approximate doubling of RPB

(a)

(b)

Fig. 7. Leaf area index (L) estimates used as input to the PV(L,I)

model for (a) B. nana and (b) E. nigrum heath-dominated vegetation.

The grey-shaded area shows the estimatedL ‘envelope’ based onmax-

imum and minimum values from available data sources. Closed sym-

bols are based on destructive measurements of L, and open symbols

are based on indirect estimates of L based on the normalised differ-

ence vegetation index (NDVI). Cross symbols show approximate

observed dates of bud break at the same site.

(a)

(b)

Fig. 8. (a) Cumulative modelled gross primary productivity

(PB, g C m)2) and (b) daily RPB (g C m)2 day)1) for P. piliferum,

S. fuscum, B. nana and E. nigrum heath vegetation for March–

November 2008.
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for both species; the late scenario resulted in spring RPB for

P. piliferum of just 20 g C m)2 and for S. fuscum of

1Æ6 g C m)2 (Table 4).

Light transmission through snow. The PB(I,D,S) model

assumes that either 0Æ03 m (40% light transmission),

>0Æ03 m (negligible light transmission) or 0 m snow (100%

transmission) covered the bryophyte surface, based on air

temperature measurements at the location of the flux plots.

We tested the impact of this assumption by increasing

the light transmission through >0Æ03 m snow to 20%, and

transmission through<0Æ03 m to 100%. The effect on spring

RPB was negligible (<1 g C m)2) (Table 4).

Model parameters

We carried out a one-dimensional sensitivity analysis on the

parameters of the PB(I,D,S) model by increasing or decreas-

ing each parameter by 50% while keeping the other parame-

ters constant (Table 5). The model was most sensitive to

changing values of PTref. A 50% increase or decrease in PTref

leads to a 50% increase or decrease in modelled RPB and

Table 4. Test of PB(I,D,S) model (PB model incorporating response to light, day of year and snow depth) assumptions. RPB (g C m)2) is given

for different configurations of the model for the spring (March–May), summer (June–August) and autumn (September–November), 2008. 10th–

90th percentile confidence intervals are given in brackets.

Model Description Species

March–

May 08

June–

August 08

September–

November 08

PB(I,D,S) PB(I,D,S) model without change P. piliferum 46 (39–54) 235 (197–281) 84 (72–98)

S. fuscum 10 (2–17) 76 (21–122) 26 (6–45)

PB(I,D,S)zero Photosynthesis set to zero below

)7Æ5 �C (P. piliferum) and )1 �C
(S. fuscum)

P. piliferum 44 (38–51) 238 (199–279) 84 (71–97)

S. fuscum 9 (2–16) 75 (23–125) 21 (6–36)

PB(I,D,S)early Maximum photosynthetic capacity

reached instantaneously 3 days

after snow melt

P. piliferum 83 (71–96) 242 (202–285) 85 (72–98)

S. fuscum 22 (7–36) 78 (27–123) 26 (8–44)

PB(I,D,S)late Maximum photosynthetic capacity

reached instantaneously 3 days

before first summer measurement

P. piliferum 21 (17–24) 201 (168–237) 84 (70–98)

S. fuscum 2 (0Æ4–3) 64 (18–102) 26 (6–44)

PB(I,D,S)trans Transmission through > 0Æ03 m

snow = 20%, through < 0Æ03 m

snow = 100%

P. piliferum 46 (39–53) 234 (198–276) 84 (72–98)

S. fuscum 10 (3–17) 78 (28–124) 27 (8–45)

Table 5. Sensitivity analysis forP. piliferum and S. fuscum parameterisations of the PB(I,D,S) model. Each row gives the root mean square error

(RMSE) and r2 for the linear regression of modelled vs. measured gross primary productivity (PB), and the total PB (mol C m)2) for spring

(March–May 2008 and 2009), summer (Jun–Aug 2008) and autumn (September–November 2008). Numbers in bold are for mean (nominal)

parameters (in brackets after the parameter symbol). Single parameters were increased or decreased by 50%while other parameters were held at

the nominal value

Parameter Units Value r2
RMSE

(lmol m)2 s)1)

RPB

March–

May 08

June–

August 08

September–

November 08

P. piliferum (nominal) 0Æ81 1Æ03 44 218Æ2 81Æ8
Ea (1Æ6 · 104) J mol)1 2Æ3 · 104 0Æ79 1Æ04 43 235Æ9 80Æ7

7Æ8 · 103 0Æ81 1Æ18 45Æ3 202Æ4 83Æ3
Ed (7Æ5 · 105) J mol)1 1Æ1 · 106 0Æ81 1Æ03 44Æ3 218Æ2 81Æ8

3Æ7 · 105 0Æ81 1Æ03 44Æ3 218Æ2 81Æ8
K (107) lmol m)2 s)1 161 0Æ81 1Æ10 39Æ8 195Æ3 67Æ7

54 0Æ80 1Æ01 51Æ2 252Æ8 108Æ9
PTref (3Æ6) K 5Æ4 0Æ81 1Æ48 66Æ5 327Æ3 122Æ7

1Æ8 0Æ81 1Æ95 22Æ2 109Æ1 40Æ9
S. fuscum (nominal) 0Æ81 0Æ45 12Æ8 78Æ6 25Æ5
Ea (2Æ8 · 104) J mol)1 4Æ2 · 104 0Æ78 0Æ49 12Æ1 90Æ4 24Æ0

1Æ4 · 104 0Æ81 0Æ59 13Æ8 68Æ8 27Æ4
Ed (6Æ0 · 105) J mol)1 9Æ0 · 105 0Æ81 0Æ45 12Æ8 78Æ6 25Æ5

3Æ0 · 105 0Æ81 0Æ45 12Æ8 78Æ5 25Æ5
K (77) lmol m)2 s)1 115 0Æ81 0Æ47 11Æ7 71Æ7 21Æ4

38 0Æ81 0Æ43 14Æ5 88Æ7 33Æ3
PTref (1Æ1) K 1Æ6 0Æ81 0Æ60 19Æ2 117Æ8 38Æ3

0Æ5 0Æ81 0Æ85 6Æ4 39Æ3 12Æ8
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RMSE. Model RMSE also increased with an increase in Ea,

although seasonal RPB was only slightly affected, with sum-

mer RPB changing by < 10%. The model was relatively

insensitive to changes inEd orK (Table 5).

Discussion

T H E M A GN I T U D E OF B R Y O P H Y T E PR O D U C T I V I T Y

Our results indicate that bryophytes can contribute substan-

tially to cumulative Arctic land-surface carbon uptake. Total

(April–November) RPB for P. piliferum was c. 90% of RPV

for a deciduous shrub with peak season L > 2 m2 m)2. High

rates of productivity per unit ground area for P. piliferum are

consistent with previous studies on excised shoots (Oechel &

Collins 1976; Penny & Bayfield 1982). While S. fuscum had

lower rates of photosynthesis than P. piliferum, RPB was still

c. 30%ofRPV for shrub vegetation. The early onset of photo-

synthetic activity in bryophytes in spring, and delayed senes-

cence in autumn, contributed to the large RPB values. Our

results are comparable with studies in northern spruce forests,

which show that bryophytes can account for 10–50% of

whole-forest gross CO2 uptake (Goulden &Crill 1997).

P. piliferum occurs on scoured ridge tops often with little

or no snow cover at the Abisko site. Where P. piliferum is

present, photosynthetic C uptake can lead to net C gain by

the ecosystem, before the snow pack melts across the wider

landscape. Gross productivity for P. piliferum of up to

0Æ6 lmol m)2 m)1 during April exceeded rates for evergreen

shrubs after snow removal (up to 0Æ26 lmol m)2 m)1, Starr

& Oberbauer (2003)). Rates of PB for S. fuscum in April were

much lower (<0Æ1 lmol m)2 m)1) perhaps because S. fu-

scum retains large amounts of water within capillary spaces

which when frozen may restrict diffusion of CO2 into tissues.

The S. fuscum plots were less frequently without snow cover

during April; this species grows in less well-drained, less

exposed areas of the landscape.

C O N T R O L S O V ER B R Y OP H Y T E C O 2 F LU X

Wewere unable to replicate the magnitude of PB for P. pilife-

rum in spring without including an increase in photosynthetic

capacity between April and June. Depression of photosynthe-

sis in spring was not because of low leaf water content (mean

u was 260%), despite the bryophyte turf being frozen below

leaf level. This was contrary to our expectation of finding no

strong seasonal signal in PB. The increase in photosynthetic

activity during May and June could be the result of either: (i)

increases in the biomass of photosynthetic tissues per m2

ground through new growth; (ii) increased photosynthetic

capacity as a result of increased allocation of resources to the

photosynthetic apparatus (Williams & Flanagan 1998); or

(iii) shifts in the temperature optimum for Pmax (Oechel 1976;

Sveinbjornsson &Oechel 1983), which we assumed to be con-

stant throughout the season. Some bryophyte species do

acclimate to ambient temperatures by shifting the tempera-

ture optimum for photosynthesis, for example, between early

and late growing season, the temperature optimum for net

photosynthesis for Polytrichum alpinum increased from

c. 5 �C to 19 �C (Longton 1988), although this effect may be

partly driven by temperature acclimation of respiration. As

we measured the photosynthesis-temperature response after

maintaining the mosses at a single temperature (12 �C), we
could not parameterise a photosynthesis-temperature accli-

mation response in the model, but any increase in photosyn-

thetic capacity because of temperature acclimation between

spring and summer will be accounted for implicitly in the

parameterr.
Including the water content of the bryophyte turf did not

improve the explanatory power of the model. This may be

explained by (i) the relatively wet growing season of 2007, the

longest period without at least 0Æ5 mm of precipitation

between June and August was 4 days; (ii) the physiological

adaptations of P. piliferum and S. fuscum to avoid drought

conditions. For example, bryophytes of the genus Polytri-

chum are able to transport water from the substrate via inter-

nal conducting tissues and have some cuticular resistance to

water loss (Thomas et al. 1996). S. fuscum is able to hold

large amounts of water within tissues because of its dense

growth form and the presence of hyaline cells and has a broad

optimum water content for photosynthesis (Rydin &

McDonald 1985). As a result, neither species experienced

in situ turf water contents lower than the range over which

Pmax was 90 % of the optimum value. Turf water contents

exceeded the upper limit of this range for both species, but

any limiting effect on seasonalPB totals wasminor.

P B M O D E L S E N S I T I V I T Y

We identified the extent of light transmission through snow,

the response of bryophyte photosynthesis to temperature at

low temperature and the time course of seasonal development

of photosynthetic capacity as major uncertainties in the

model formulation. Exploration of the sensitivity of the

model to these assumptions indicated that total PB was most

sensitive to the timing of changes in photosynthetic capacity

between spring and summer. It is difficult to separate the

effects of inadequate representation of the temperature

response at low temperature, or potential shifts in the temper-

ature optimum for photosynthesis, from the effect of

increases in photosynthetic capacity. The P. piliferum plots,

however, became visually greener between spring and sum-

mer, supporting our conclusion that photosynthetic capacity

per unit ground area increased. These results suggest that

future research should focus on phenological and physiologi-

cal mechanisms underlying seasonality in photosynthesis for

P. piliferum.

The parameters to which the model results were most sensi-

tive were PTref, which controls the magnitude of photosyn-

thetic activity, and Ea, which controls the shape of the Pmax

temperature response below the optimum temperature.

Insensitivity of themodel toEd is unsurprising as this parame-

ter controls the shape of the response curve above the opti-

mum temperature, conditions that were infrequently
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experienced in the field. The physiological activity of

bryophyte tissue will also be affected by freeze ⁄ thaw cycles

(Kennedy 1993). Including this effect in the PB model would

suppress photosynthetic C uptake following periods of

extreme cold. While we take into account the presence of

snow, we also did not include the effects of elevated CO2 con-

centrations below the snow pack (Sommerkorn 2000), which

could also act to increase rates of bryophyte photosynthesis.

S EA S O N A L I T Y O F V A S C U LA R P H OT O SY N T H ES I S

The size of the L envelope created frommultiple data sources

is a reflection of both inter-annual variability in the timing

and extent of canopy development and spatial heterogeneity

in L. The early and late season L for B. nana was well con-

strained by estimated dates of leaf bud burst and leaf fall, but

there was large uncertainty in L for E. nigrum before and

after the growing season. We treated L for the evergreen

E. nigrum as a ‘functional’ leaf area, which we assumed was

zero until the end of April as we did not observe photosynthe-

sis before this date for E. nigrum. This is contrary to the find-

ings of (Starr & Oberbauer 2003), but lack of measurable PV

may have been because of the much more exposed nature of

the site. Our latest date for the onset of E. nigrum L develop-

ment was set as the date of current year’s leaf bud break (5

June 2009), but previous year’s leaves will have been photo-

synthetically active before then (Street et al. 2007). Differ-

ences in RPV for both species between maximum and

minimum L estimates exceeded variability because of the

parameter uncertainty reported by Shaver et al. (2007).

T H E C O N T R I B U T I O N O F B R Y O P H Y T E S T O C E X C H A N G E

O F A R C T I C L A N D S C A P E S

Quantification of the total contribution of these bryophyte

species to landscape-scale fluxes requires an estimate of abun-

dance over the landscape and knowledge of landscape-level

meteorology.Whereas P. piliferum is a highly productive spe-

cies, its abundance as a fraction of the land surface is proba-

bly small, although potentially significant in exposed areas

with low cover of vascular plants. The cover of S. fuscum as a

proportion of ground area in tundra ecosystems is more sig-

nificant, being frequently found in poorly drained areas.

Other bryophyte species also contribute significantly to

ground cover in these ecosystems; average total bryophyte

cover over the Abisko tundra site is c. 45% (L. Street, unpub-

lished data). Spadavecchia et al. (2008) quantified average

peak season L over a 500 m · 500 m domain near to our

study site to be 0Æ8 m2 m)2. This L approximates the lowest

estimates of L for B. nana and E. nigrum used to drive the

P(L,I) model. We might expect therefore that our lowest

annual RPV estimate (c. 260 g C m)2 year)1) is a reasonable

estimate for wider areas of the nearby tundra. As a first

approximation, if all other moss species were equally produc-

tive as S. fuscum (at 100% cover, c. 110 g C m)2 year)1),

with cover of 45%, the total moss contribution to annual

CO2 flux over the wider landscape would be at least 20%.

Different moss growth forms, however, may respond differ-

ently to environmental drivers, and annual C uptake may be

restricted by periods of low tissue moisture (DeLucia et al.

2003). A reliable upscaling of moss productivity therefore

requires more detailed information relating bryophyte

growth form or water regulation strategy to landscape

position.

We conclude that for P. piliferum and S. fuscum, seasonal

changes in photosynthetic capacity are important in deter-

mining the magnitude of total gross CO2 uptake, which can

be comparable in magnitude to those of shrub tundra vegeta-

tion on a land-surface basis. Models of Arctic C dynamics

must include a bryophyte component if they are intended to

predict the effects of changes in vegetation composition, and

of lengthening of the growing season, on C balance. The

physiological response of bryophytes to low temperatures is a

critical area for future research for the parameterisation of

these models.
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