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Abstract. Heather Calluna vulgarig, rosebay willowherb 1 Introduction
(Epilobium angustifoliury wavy hair-grass eschampsia
flexuosa and raspberryRubus idaeysare typical species Current climate scenarios suggest that the global mean tem-
at boreal clear-cut sites. In this study, we measured theiperature will increase due to increased concentrations of
photosynthesis separately in the growing season of 2005 uggreenhouse gases such as carbon dioxide;(@®the at-
ing a manual chamber. All measured species showed cleanosphere (IPCC, 2007). The increase is predicted to be the
and species-specific seasonal cycles of photosynthetic actiargest in the highest latitudes and may result in serious con-
ity (Pmax). The maxima ofC. vulgarisandE. angustifolium  sequences to the present vegetation. These scenarios have
occurred around June and July, while thatrofidaeusoc- resulted in several studies on vegetation and plant processes
curred as late as August. A simple model of photosyntheticrelated to CQ exchange, i.e. photosynthesis and respiration.
activity is presented, addressing the photosynthe<Ts wéil- Until recently, research on COfixation has focused
gariswas mainly explained by temperature history when themainly on trees. However, due to timber harvesting
soil moisture is high. The activity of deciduols flexuosa 282000 ha (1.4%) of the forests in Finland are completely
also followed the temperature history, unlike the activities treeless and 3 264 000 ha (16.1%) of forests are younger than
of E. angustifoliumandR. idaeus During a short drought, 20y (Metla, 2004). Therefore, a significant part of these
some shoots decreased théihay levels but none of the forests is in the early phase of succession when forests turn
species showed similar reactions between individuals. Werom high CQ source into a high sink. Upon clear-cutting,
also observed that the comparison of the whole-pR#dx  the amount of decomposing material is increased and species
or respiration of different-sized individuals were less scat-composition as well as environmental conditions are changed
tered than the results based on full-grown leaf mass, implyingdramatically. The effect of these changes on carbon balance
that species-specific rates of photosynthesis at ground leves not adequately known in order to predict the long term
are rather similar regardless of the plant size. Using specieeffects of forest harvesting on soil or atmospheric carbon
composition and continuous temperature and light measurestocks (Johnson and Curtis, 2001).
ments, we upscaled the species-specific process rates and in-During the first phases of succession, the number of vas-
tegrated fixed and respired GOf ground vegetation for the  cular plant species is high (e.g. Rk, 2004) and the ir-
entire 2005 growing season. The photosynthetic productiortadiation environment is unshaded. Opportunistic, shade-
per surface area of soil was 760 g Cfiy ! at the fertile site  intolerant, nutrient-demanding and fast-growing vascular
and 300g C m?y~1 at the infertile site. During the snow- plant species dominate before more competitive trees elim-
free period (18 April-21 November), the above ground partsinate or reduce the role of opportunistic species at ground
of measured species released 75g C?gr! at the infer-  |evel. The succession patterns and ecology of ground vegeta-
tile site. At the fertile siteE. angustifoliumandR. idaeus  tion are well studied, but the photosynthesis of the different
respired 22 and 12g CMy 1, respectively. species in the ground vegetation is still poorly known.
Different species have species-specific strategies for com-
peting and surviving in their natural growing environments.
For example, deciduous species are effective @&simila-

Correspondence td:. Kulmala tors (Chabot and Hicks, 1982), but their growing season is
BY (lisa.kulmala@helsinki.fi) shorter than the season for perennial species that, at the same
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Table 1. Average species-specific tree height (m), tree densityr"f‘tely, during one growmg season at, two 5'3"0'0,' clea_r-cut
(ha-1), and the depth of organic and A horizons (mm) at the study Sites in southern Finland and (2) studied the relationship be-

sites. tween the exchange components and the environmental fac-
tors. One of the studied sites was very fertile, with fast-
Infertile  Fertile growing and opportunistic dominant species having rapidly

site site reproducing new tissues. The other site is nutrient-poor and

the dominant species are evergreen and grow slowly. At both

grr?:r?zlgfgg:)?heg;hngn m) 547%7 7655.'04 sites, we (3) quantified the 'cumulat.ive annual pr_oduction by.
Average height oPinus sylvestrigm) 0.9 0.4 upscaling the processes Wl.th species composition and envi-
Number ofPinus sylvestrigha~1) 1200 1800 ronmental factors for an entire growing season to provide es-
Average height oPicea abiegm) 0.15 0.4 timates of the carbon sequestration potential of the ground
Number ofPicea abiegha 1) 200 5000 vegetation in young boreal forests.

Average height oBetula(m) 1.2 15

Number ofBetula(ha—1) 710 16000

2 Materials and methods
2.1 Study sites

time, require longer periods to produce carbon gain due toye measured the GQexchange of the most common for-
slow development, costly production and low photosyntheticeg; floor species at two flat clear-cut sites located approx.
production (Chabot and Hicks, 1982). A considerable frac-1 km from each other and approx. 7 km from the station for
tion of the carbon fixed in photosynthesis is lost a@0r-  measuring ecosystem-atmosphere relations (SMEAR I, Hari
ing respiration that serves many important functions, such agng kulmala, 2005) in Hyyéila, southern Finland (615X,
the supply of energy. The temperature dependence of re$4 17 ). Both sites were approximately 1 hectare in size.
piration is influenced by species and growth habit (Taiz andaccording Climatological statistics of Finland, the annual
Zeiger., 2002). These species-specific activities in fixing andmean temperature in the area was $€.@nd precipitation
releasing CQ, generate a need to study the species sepayog mm during the time period from 1960 to 2000 (Drebs et
rately for a reliable extrapolated estimate for photosynthet|ca|_’ 2002). January was the coldest month (me&n%C)
production as well as for a prediction of the future production gnq jyly the warmest (mean +1509.
in the possibility of changed species composition. The soil type at both of the study sites is a Haplic pod-
In traditional studies of C@exchange, chamber measure- zol in the FAO-Unesco (Food and Agriculture Organization
ments are made over a small area with natural species com- United Nations Educational, Scientific and Cultural Or-
position, hence, the contributions of different species remairganization) soil classification system (FAO-Unesco, 1990).
unclear. These studies face uncertainties in scaling poinThe bedrock is mainly acidic granite, granodiorite and mica-
measurements of a larger area (e.g. at the ecosystem levejheiss with some small intrusions of gabbro and peridotite.
because the ground vegetation usually is very heterogeneoushe experimental sites differed substantially in fertility. The
even at small spatial scales (Jalonen et al., 1998; Palviaineparent material of the soil is glaciofluvial deposits at the in-
et al., 2005; Riutta et al., 2007; Kulmala et al., 2008). Somefertile site. At the fertile site, the soil is glacial till. Both
ecosystem net Cfexchange studies at young forests of var- the organic layer and A horizon were deeper at the fertile site
ious types have been carried out with the eddy covarianceghan at the infertile site (Table 1). The fertile site belonged
(EC) technique. These studies are mainly concerning thenainly to the Myrtillus type (MT) and partly to Oxalis Myr-
size of the carbon sink or source but the detailed analysisillys type (OMT), according to the Cajanderian forest site

of the flux components indicate that the photosynthetic pro-type classification (Cajander, 1926). The infertile type be-
duction of ground vegetation is substantial (e.g. Rannik et al.Jonged to Calluna type (CT).

2002; Kolari et al., 2004; Humphreys et al., 2006; Fredeen et The soil at the sites had been scarified in the year fol-
al., 2007). However, the EC measurements are also unablewing clear-cutting according to the forestry guidelines of
to separate the contribution of different species and detecihe Finnish National Board of Forestry. The fertile site was
changes in their species-specific photosynthetic activity. Inplanted with Norway spruce and the infertile site was sown
this study, we measured common species separately with @ith Scots pine seeds (Table 1). The amount of Silver birch
manual chamber to clarify the species-specific activity in fix- seedlings of natural origin was substantial at the fertile site.
ing and releasing C9 The tree seedlings were approximately 5 years old at both
The aim of the present work, is to study the photosynthesissites in summer 2005 when we performed the fieldwork.
and respiration of most common early-successional species. Fast-growing and opportunistic dominant species hav-
We (1) measured the net G@xchange and its components, ing rapidly reproducing new tissues, such as wavy hair-
photosynthesis and respiration of widespread species sepgrass Deschampsia flexuoga.) Trin.), rosebay willowherb
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(Epilobiumangustifolium(L.) Holub) and raspberryRubus  The experimental shoots &. vulgarisas well as the pop-
idaeusL.), dominated at the fertile site. The dominant ulations ofDD. flexuosadiffered significantly in size. The
species at the infertile site were evergreen and slow-growingmeasurements were begun on 2 June and ended on 24 Octo-
Heather Calluna vulgaris(L.) Hull), mountain crowberry  ber 2005. All of the measurements were performed between
(Empetrum nigrumL.) and mosses (mainlyPleurozium  08:00 and 13:00 but we varied the measurement order among
schreberi(Willd. ex Brid.) Mitt.) dominated the ground veg- the shoots. We repeated the light response measurements at
etation, with some sparse growthBfangustifolium approx. 2-week intervals.

To upscale the measured activity of photosynthesis, we The chamber was made of 5-mme-thick transparent Plex-
continuously measured PAR (photosynthetically active ra-iglas 0.30 m in diameter, 0.30 m in height and open down-
diation) with a LI-190 (LI-COR Biosciences, Lincoln, NE, wards. During the measurements, the chamber was placed
USA) at the SMEAR Il station above the canopy. Due to on a polyvinylchloride (PVC) collar that was perforated to
the lack of shade and close distance, PAR at the SMEAR isallow air to circulate freely under the chamber. There was
similar to the average radiation at the clear-cut sites. Soil-a 1-cm-thick sheet of cellular plastic between the collar and
water tension in the mineral soil was measured manually athe chamber. The shoots entered the chamber through a cutin
approx. 2-week intervals, using a Tensicorder (Soil Measurethe plastic. Hence, we could measure the same shoots several
ment Systems (TX), Tuscon, AZ, USA) and 10 tensiometerstimes in their natural growing environment without causing
Soil Measurement Systems) at a depth of 3cm. The tenany change or disturbance to the shoots. Some of the shoots
siometers were located next to each experimental shoot.  grew taller than 30cm and in this case, we used an other-

We measured the air temperature at a 2-m height at thavise identical chamber but 0.40 m in heiglideschampsia
open Siikaneva fen in southern Finland (6E.48 24.09 E) flexuosawas measured with the higher chamber but no cel-
at the same altitude from sea level as the studied clear-cutllar plastic was used as a bottom. A solid, plastic collar was
sites. Siikaneva is approx. 5km west of the SMEAR |l placed in the soil and the shoots freely entered the chamber.
and 4 km from the clear-cut sites. There were some gapd he measurement signal was then a sum of the sojl €O
(26 May-1 June, 7 July-5 August, 9 August—18 August, flux and photosynthesis &. flexuosa
30 August-16 September) in the measured temperature se- The CQ concentration inside the chamber was monitored
ries that were filled with temperature readings from a 16-mduring the measurement with a @@robe based on a nondis-
height at the SMEAR || station. In general, the temperaturespersive infrared sensor (NDIR) technique (GMP343, Vaisala
at the SMEAR Il and at the Siikaneva fen were very similar Corporation, Vantaa, Finland) attached inside the chamber.
except for spring and early summer when the night temper-The CQ concentration readings were recorded at 5-s inter-
atures were cooler at the open fen than at the SMEAR Il.vals and corrected automatically for humidity, temperature
Soil temperature was continuously measured with three temand pressure with a data recorder (MI70, Vaisala Corpora-
perature sensors (iButt8h Maxim Integrated products Inc., tion). The humidity and temperature values used in the cor-
Sunnyvale, CA) at 60-min interval at a depth of 3cm at both rection were obtained from a temperature and humidity probe

study sites from 16 May to 26 November in 2005. (HMP75; Vaisala Corporation) attached inside the chamber
and connected to the MI70 data recorder. Atmospheric pres-
2.2 Sampling of vegetation sure was continuously monitored at the SMEAR |l station.

A small fan was used to mix the air inside the chamber. In-
We estimated the average biomass of ground vegetation &@tantaneous irradiation was measured with a PAR sensor (LI-
the sites by systematically collecting aboveground sampled.90, LI-COR Biosciences) attached outside the chamber fol-
of forest floor vegetation from an area of 308.iThe num-  lowing the test confirming that the Plexiglas does not signifi-
ber of samples was 20 and 19 at the infertile and fertile sitescantly capture incoming light. The rate of Géxchange was
respectively. The samples were collected systematically at 5estimated from a linear regression fitted to£J€adings over
m intervals on four lines 5 m apart. One sample was 0.090 m @ 3-min time. The measuring period was shortened to 1 min
in size. We separated each sample into different species arid high PAR radiation during high photosynthetic activity to
each dwarf shrub species into leaves and stems. These segvoid heating the chamber.

ments were weighed after drying at°@for 24 h. One set of measurements consisted of four to six measure-
ments with different light intensities and one dark measure-
2.3 Chamber measurements of C@exchange ment. Between the measurements, the chamber was venti-

lated by carefully raising it up from the experimental shoot.
A manual chamber, based on the closed dynamic chambeFhe highest light intensity was direct sunlight and the other
technique, was used for measuring the light response curvethiree to five light intensities were created by shadowing the
of CO, exchange of two shoots of botfpilobium angus-  chamber with layers of netted fabric. The chamber was fully
tifolium and Calluna vulgarisat the infertile site and two darkened with an aluminium cover during the last measure-
shoots ofEpilobium angustifoliumand Rubus idaeusand ment. After the campaign, the aboveground parts of the
two populations oDeschampsia flexuosat the fertile site.  measured plants were collected, dried for 24 h &dsand
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weighed to obtain the leaf and total biomass. on the measuring date.{sy;). Other daily values were es-
Photosynthesis is driven by light but the relationship be-timated by the relationship between the defly) value and

tween light and the photosynthetic rate is saturating becausé(fmax;) as follows:

the availability of CQ is limited in high light intensities. ()

Respiration accompanies the observable;@®change in Pmay; () = ————— Pmaxi (fmax;) 4)

the daytime. Therefore, we fitted a Michaelis-Menten-type S (tmaxi)

equation (Michaelis and Menten, 1913) for each set of ourf g(;) was smaller than<@C, Prmax;(f) was set to zero.

measurements as follows: The above model of state of development described prop-

Praxi I erly only the measurements &alluna vulgarisand De-

b —-r (1) schampsia flexuosaTherefore, we estimated the species-
i+ 1 o L= o o

specific daily Pmax; (¢) values forEpilobium angustifolium

In the equation,i is the species measureBdschampsia and Rubus idaeudy interpolating the intermediate values

flexuosa Calluna vulgaris Epilobium angustifolium, Rubus from the measured averaggay; values.

idaeug, NE; (1) is the species-specific full-grown leaf mass- )

based (go,g*h~1) or the shoot-based rate of G@x- 24 Upscaling GPP andr,

change (go, %), 1 is the light intensity gmolm—2s71),

b is the light intensity gmol m~2 s~1) when the assimilation

rate is half the rate of light-saturated assimilatiors, the rate

of dark respiration andPmax; is the rate of light-saturated

NE; (1) =

We upscaled the mass-based and species-specific parame-
ters of photosynthesis (Eq. 1) over the whole site using leaf
biomass achieved from the sampling. To estimate the assim-
assimilation per full-grown leaf massde, g~ h-1) or per |Iat|onhover thehen_t|re seasgﬁg,hwe mte_grated tIEAeRmomen—
individual shoot (go, h~1), i.e. photosynthetic activity. In tary photosynthetic rates by the continuous measure-

the whole plant measurements as here, the photosynthetfa':1ents above the SMEAR Il canopy:
activity indicates both the changes in the photosynthesizing o
leaf area and the amounts and catalytic activities of photo-p _ Z /' m Prax (1)1 (1) dt ®)
synthetic enzymes (Pearcy et al., 1987). T bi+1(1)

Van't Hoff noted already in 1884 that the chemical re-
actions in a plant are dependent on temperature. The devherem; is the areal average of full-grown leaf mass of
pendence is often described as an exponential function angpeciesi, Pmax;(t) andb; the species-specific parameters
therefore, we fitted an exponential model of species-specifi@nd! () the PAR intensity (30-min average) measured at the
temperature dependendg(T), into ther values (Eq. 1) and SMEAR |l station. We upscaled the, over the time period
instantaneous temperatur®, ¢C) measured during the pho- starting from 18 April {1) until 21 November#).

1

tosynthesis measurement as follows: For the estimation of released carbon dioxi#tg, we in-
tegrated and summed the species-specific respiration rates
I
Ri(T)=ro,i Q1p; (2) 2
. o R.= i Ri (T (2))dt 6
whereQ10; andrg; are species-specific parameters. ¢ Z/m”’"’ i(T®) ©)

In boreal region, there is a clear seasonal cycle in pho- f
tosynthesis. We were interested, if it is possible to mOdelwheremmt’i is the species-specific total aboveground mass,
the changes in the rate of photosynthesis for future applicaalso including the stems of small shrul®(7'(r)) the model
tions. We used a function called state of developm&(tC,  of temperature dependence (Eg. 2) dnthe temperature.
Pelkonen and Hari, 1980; &keh et al., 2004) that follows

temperature with a time constartt

3 Results and discussion
ds T@)-S
i (3 3.1 Weatherin 2005

whereT (¢) is temperature°C) at moment. As the tem-  The weather was fairly typical during the snow-free period
perature, we used hourly averages that were measured at Sit 2005. The snow had melted entirely by 18 April 2005 at
ikaneva. The initial value of was set to be the first value of the SMEAR Il site. The daily average air temperatures at the
temperature when the estimation was begun on 1 April 20050pen Siikaneva fen had begun to fluctuate above zero in late
We tested different values ofand found that 150 h appeared March after being below zero for several months (Fig. 1a).

to be the best value. . This cool period lasted until early May when the daily aver-
The estimated daily photosynthetic activithnax;, was  age temperatures began to increase, remaining ab\@ 10
assumed to follow th& values. The highest estimat®ghay ; for 1 week. Another cool period followed thereafter. The

was set to the highest measured species-speiific; value daily average temperature crossed@@n early June. From
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-10 —_—

Jun Oct imum (17C) in mid-July (Fig. 1b) slightly after maximum
air temperature. There were no clear differences in the soll
Fig. 1. (A) Daily average (black line), minimum and maximum air temperatures at the sites; however, the temperatures were
temperatures (grey lines) measured at neighbouring Siikaneva fegenerally 5C higher at the clear-cuts than in their surround-
between 10 May and 1 December 20(8) Daily average soiltem-  jng forests.
peratures measured between the H and A horizons at the clear-cut 1,4 peat temperature readings in the Siikaneva fen be-
sm_es._(C) St_ate of development (S, bold line) follows temperature gan to increase on 14 April 2005, which suggests that the
(thin line) with a time constant of (herer=150h). snow had already thawed by then’ in the open areas. How-
ever, Bergeron et al. (2008) noticed that the photosyntheti-
cally active growing season started about 1 week later and
late June to early July, there was again a colder and rainynded 1 week earlier at a clear-cut site compared to a mature
week, after which the average and maximum temperaturesijte. Therefore, we can assume that the growing season was
increased again, but the minimum temperatures were as oy, the initial phase when we started our measurements. The
as 2C (2 July). The average temperature began to decreasgmall sizes of the deciduous shoots in the beginning of our
SlOle in mld-JUly but crossed°@ for the first time as late measurement Campaign Simi|ar|y Suggest that the growing
as 19 October but the minimum temperatures had alread%eason was in its early phase.
been very close to zero in mid-September and crossed it for There were two rain-free and warm periods (Fig. 2b) that
the first time on 29 September. The first snow appeare¢aysed the soil water tension to increase for a short period of

at SMEAR Il on 24 October and became permanent on 2lime (Fig. 2a) after mid-June and in early July. Except for
November. During the snow-free period, the modelled statenese short droughts, the soil was fairly moist.

of development (Eq. 3r=150h, Fig. 1c) followed the air
temperature.

Soil temperatures affect biomass allocation (DelLucia et
al.,, 1992), root growth (Ryygpet al., 1998) and nutrient The results of the vegetation inventory, excluding the tree
uptake. At the sample sites, the measured soil temperatureeedlings, are shown in Table 2. The total biomass of the
closely followed the average air temperature attaining a maxabove ground parts of the ground vegetation was approx.

Aug

3.2 Ground vegetation at the sites

www.biogeosciences.net/6/2495/2009/ Biogeosciences, 6, 28932009
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Table 2. Density (g nT2) and occurrence (%) of different species or ground vegetation types at the study sites. The species with site-specific
gas exchange measurements are in bold face. The occurrence indicates the fraction of the sample plots in which the species were present.

Infertile site Fertile site
Density (g n2)  Occurrence (%) Density (g nf) Occurrence (%)

Calluna vulgaris 221.0 45 0.0 0
Vaccinium myrtillus 0.0 0 4.8 32
Vaccinium vitis-idaea 29.6 90 39.4 53
Empetrum nigrum 26.3 25 0.0 0
Rubus idaeus 0.0 0 19.9 63
Epilobium angustifolium 19.7 35 58.4 63
Deschampsia flexuosa 0.1 5 73.2 74
Other grasses 0.0 0 0.8 21
Melanpyrum pratense 0.0 0 6.1 a7
Trientalis europea 0.0 0 4.3 26
Other herbs 0.0 0 0.1 5
Mosses 63.8 90 34.2 79
Total 360.5 241.2

360 g m2 and 240 gm? at the infertile and fertile sites, re- R. idaeusE. angustifoliumC. vulgarisandD. flexuosavere

spectively. The high value of the infertile site can be ex- 221, 280, 216 and 259mol m—2s~2, respectively.Calluna

plained mainly by the wooden parts G&lluna vulgaris If vulgarishad the same range of values at the SMEAR || sta-

mosses are considered perennial, 94% of the vegetation dibn below canopy. Kolari et al. (2006) estimated the pa-

the infertile site composed of species with perennial leavesrameterdb value to be 240 and Kulmala et al. (2008) to be

while the same value for the fertile site was only 27%. At 208umolm2s2,

the infertile site,C. vulgaris Vaccinium vitis-idaed.., Em-

petrum nigrumandE. 'c_mgustif_ol_iunha_d_ th_e highest biomass 3.3.2 The seasonal pattern oPmax

of the vascular speciesVaccinium vitis-idaeaand mosses

of a different kind were found most frequently at the infer- o o

tile site. At the fertile site, the most frequent species wereTn€ Pmax values ofEpilobium angustifolium Calluna vul-

grasses (most commonly. flexuosandCalamagrostisp.), ~ 9ris, Rubus Idaeusand Deschampsia flexuoshad very

R. idaeusandE. angustifolium clear seasonal patterns (Fig. 3). The species with annual
Mosses were denser at the infertile sRéeurozium schre- 1€aves have clearly highePmax values (maxima approx.

beri and Dicranum polysetum Swvere the most common 9-03 Go2m2hh 'éhanl the perenniaC. vulgaris (maxi-

nonvascular species at the infertile site and at the fertile sittMUmM 0.017 goom™=h™").  The photosynthetic activity of

D. polyseturrandPolytrichumHedw. sp. were the most typ- Calluna vulgariswas still quite low in early June (Fig. 3a),

ical species. possibly due to low temperatures (Fig. 1a). HoweGyul-
garis recovered from winter very rapidly and i&nax val-
3.3 Photosynthesis ues increased to more than double, close to the highest sum-
mertime values, in the first half of June. Already in August,
3.3.1 |Initial slope of the light response curve the Pmax Of the sparse shoot decreased from the mid-summer

maximum values while the dense shoot had relatively high
Parametei; in Eq. (1) describes the light level at which Prax still in August. before a rather linear decrease towards
photosynthesis is half the maximum rate of photosynthesisthe late October (Fig. 3a).
where the smaller parameteris, the more rapid photosyn- Early in our campaign, the temperature sum was°890
thesis saturates in the increasing light. The paramdéigsg and all of the shoots dEpilobium angustifoliunwere still
andb are closely related and the values of the paramieter small. ThePnax Started to increase in June but there were dif-
tend to be too high to extrapolate high radiation conditionsferences in the timing of the maximum (Fig. 3b). Atthe infer-
if it is estimated from measurements at low radiation inten-tile site, the maximum occurred in late June while gy
sities. In addition, the small number of measurements in onet the fertile site did not decrease significantly before the end
light response curve made the parameter estimation unstaf the campaign. On the contrary, the other experimental
ble. Therefore, we assumed that the species-spéciitues  shoot at the fertile site experienced a second growth that in-
were constant throughout the season. bhalues used for creased it®maxin July leading to the highest full-grown leaf
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Fig. 3. MeasuredPmax values per full-grown leaf mass of four individual shootsEfangustifolium, C. vulgaris, D. flexuosand

R. idaeus(A-D) and the individual measurements expressed witfigutd). The measureé. angustifoliumshoots at the fertile site are

marked with dark grey. Light grey indicates the infertile site (A and E). The experimental shddtsoigarisandD. flexuosawvere differ-

ent in size. The leaf mass-based result of the smaller shoots are marked with black spheres (“Sparse”) and of the larger shoots with empty
spheres (“Dense”).

mass (18 g) of the measured shoots as well as lowest leaf- Early in the campaign, our 1-year-old experimental shoots
mass base®nax values (lowest line in Fig. 3b). of R. idaeuswere short and the leaves small. TRgax val-

We were forced to end the measurements and weight thees started to increase as late as on 22 June (Fig. 3d). The
shoots ofE. angustifoliumalready in mid-July because the daily average temperature had been then ovéClidr 10
shoots began to show visible signs of approaching senesdays and the 5 days running average had been oV 13
cence and we did not want to lose the leaf mass informafor six clear and sunny days. The first decrease inAhsx
tion. Nevertheless, we observed that there is a wide variety irvalues was observed on 9 September when the length of
the individual timing of senescence in surrounding and non-the light hours (PAR 10.2mol m~2 s~2) had decreased from
experimental shoots and some can be partly photosyntheti5.5 to 13.5h day' and the daily minimum temperatures
cally active even relatively late in autumn. Erley et al. (2002) had decreased since the previous measurement (frorhC13.5
found that nitrogen (N) supply extends the life span of theto 9.5C). However, the temperatures had already decreased
leaf. In contrast to the shoots at the infertile site, By since mid-June (Fig. 1a).
values of the experimental shoots at the fertile site did not The photosynthetic and growth responses of trees are
decrease significantly at the end of the campaign (Fig. 3b)widely studied, due to their universalitRubus idaeuss the
However, our results cannot confirm nor reject the results ofonly species studied here that has a long history of manipula-
Erley et al. (2002), due to early ending of the campaign fortion and follow-up studies, since it is commercially valuable.
E. angustifolium For example, Carew et al. (2003) found that the photoperiod

The Pmax values ofDeschampsia flexuoseere quite high  did not significantly affect the growth rate, but increased tem-
in the beginning of our campaign (Fig. 3c) despite the vis-perature resulted in an increased rate of vegetative growth,
ible shortness of the experimental shoots. Thay values  the optimum temperature being approx®%or below. Son-
increased in June but unfortunately, the photosynthetic sigsteby and Heide (2008) also studiBd idaeusunder natu-
nal was very noisy during the hottest weeks in midsummer.ral summer daylight conditions and found that temperature
Therefore, we rejected several measurements, which resultedearly affects positively shoot growth.
in amore than 1 month gap in the data. The reason behind the Both R. idaeusand C. vulgaris showed individual reac-
clearly weaker quality of data with the grasses was the differ-tion to drought. One of the shoots of both species showed a
ent measuring setup, as described earlier. High and fluctuatecreasing photosynthetic activity with increasing soil-water
ing soil CQ, fluxes could have disturbed the photosynthetic tension in July (Fig. 3a and d). At the same time, the other
signal. The measurefimax values were at their highest in shoots showed no particular decrease. Half ofEhangus-
mid-August and decreased intensively, being near zero, inifolium shoots were also affected by the drought (Fig. 3b)
October. that was maximal on 13 July (Fig. 2). The other shoot at the
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infertile site did not recover from the drought, but the one at Calluna vulgarishad substantially lowePmnax values than
the fertile site increased again B ax value after the drought the other species, as determined both for individual and leaf
was over on 20 July. The individual reactions to the droughtmass. The dens€. vulgaris shoot (27.8g) had substan-
might be due to different shoot-root ratio, which affects the tially lower leaf mass-base®nax values than the sparser
ability to withstand drought stress. Also microsite variation shoot (8.6 g, Fig. 3a) while the dense shoot assimilated to-
in the soil affects water availability, but the subject still needstally more than the sparse shoot (Fig. 3e). Accordingly, we
further study. again observed that the shoots had more similar levels of pho-
The shoots ofR. idaeuswere one year old and it did tosynthesis when compared based on individual than on full-
not produce any flowers while flowering & angustifolium  grown leaf massRubus idaeudid not clearly show this type
lasted nearly the entire campaigi€alluna vulgarisflow- of phenomenon, but the shoots did not differ greatly. They
ered in August and September. However, we did not noticehad 3.0 g and 3.4 g of leaves, the smaller having slightly less
any change in the photosynthesis that could be connected twtal photosynthesis (Fig. 3h) as well as higher full-grown

flowering. leaf mass-specifi@nax values (Fig. 3d).
Comparison between the mass-based measurements of
3.3.3 The level ofPyayx Of different sized shoots D. flexuosandicates that grass populations also have some

self-shading. The sparser population (130 tfinoccasion-

The level of full-grown leaf mass-baséthax values (Eq. 1)  ally showed leaf mass-base®hay values twice as high as
of the fourE. angustifoliunshoots (Fig. 3b) differed substan- those of the denser population (201 gMmFig. 3c), except
tially throughout the measuring period (e.g. between 0.0050r the autumn measurements when the sparser population
and 0.029go2g h~! on 1 July). The shoot-based values showed earlier senescence. However, we again observed that
(Fig. 3f) were similar (between 0.09 and 0.k&gh 2on1  there is less variation between the results without any nor-
July). There were no clear visible differences in the shoots amalizing on full-grown leaf mass (Fig. 3¢ and g). Woldedge
the two clear-cut sites with the exception of size. The ones abbserved the same already in 1973 and concluded that the
the fertile site were taller, causing the individuax values  decline in the photosynthetic activity of ryegrass leaves in a
to be slightly higher than those at the poor site. However, therapidly growing sward is due to the intense shading during
status was reversed in the mass-specific inspection — prolaheir expansion.
ably a result of higher self-shading due to higher leaf mass These results indicate that the level of photosynthesis of
(Fig. 3b). The shoots were quite identical at the poor sitedifferent-sized individuals measured in this study is more
(masses 4.6 g and 5.4 g). However, the smaller shoot alreadyqual than the mass-based values implying that the species-
showed significantly lowePmax values early in the campaign - specific rate of photosynthesis is rather similar regardless of
before it accidentally died in early July. At the fertile site, the sjze or leaf area or leaf biomass of that individual. The ear-
shoots were different sizes (18.0 g and 8.1 g) late in the camiier discussed effect of self-shading could be one explanation
paign, due to secondary growth that began in early July infor the various leaf mass-specific levels of photosynthesis.
the larger one. The full-grown leaf mass-bag®@¢hx values  Self-shading creates a heterogonous light environment that
of the dense shoot were very low, again probably due to highnfluences both rate of photosynthesis and the acclimation to
levels of self-shading. The self-shading or other limitationsthe contrasting light environment. Light availability affects
apparently had such a significant effect that the unstandardhe relationship between leaf nitrogen concentration, light
ized results were more similar within species than the masssaturated photosynthetic activity and diurnal carbon balance
based results. (Hirose and Werger, 1987). Acclimation of photosynthesis

Epilobium angustifoliumwas the only species that grew to self-shading occurs even in mature leaves (Ishida et al.,
at both the fertile and infertile sites in this study. Erley 1999). Declining leaf photosynthetic activity is connected to
et al. (2001) found that under low nitrogen (N) supply, the |eaf position, light availability, allocation of nitrogen (Field,
leaves of some grasses had higher amounts of vascular bun983) and chlorophyll to upper leaves (Ishida et al., 1999).
dles and fibrous cells and lower amounts of intercellularOn the other hand, there could be a physiological factor that
space and therefore higher densities of the leaves. The difimits photosynthesis in the measured species at ground level.
ferent composition and density of leaves may also explainThe water transport of these species or root system, for exam-
the unexpected differences in the mass-specific expressiople, may not be capable of efficiently supplying shoots with
of our results withE. angustifoliumIn contrast to this study, high leaf mass.
several others found that the rates of photosynthesis and leaf
respiration per leaf weight, specific leaf area and leaf mass®.3.4 Estimating photosynthetic activity
ratio are higher in plants grown in high N soils (Field et al.,
1983; Field and Mooney, 1983; Masarovicova et al., 2000;The Pmax values ofCalluna vulgarisdetermined per full-
Poorter et al., 1995). Nevertheless, the difference in fertilitygrown leaf mass fitted well with the estimatd%axi(t)
did not significantly affect the rate of photosynthesis in this based on the state of development (Fig. 4a, Eq. 4). However,
study. in early springPmax; (¢) resulted in underestimation and on
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Fig. 4. Mass-basedAmnax(t)) values (lines) estimated from the state of development (Eq. 4) and meaihsgstalues (spheres) &. vul-
garis. (A) The average valuef3) both measured shoots and separately estim@@gx(?)) values. The dense shoot (dark grey) is shows a
drought effect in July.
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Fig. 5. Mass-basedRmnax(r)) values (lines) estimated from the state of development (Eq. 4) and meakyged) values (spheres) of
D. flexuosa(A) The average values aifB) both measured shoots and separately estim&iggl(¢) values.

7 October the estimated values were higher than the mea- Deschampsia flexuosahich has a relatively low growth
sured values. The difference in autumn may be explained byate for a grass, also followeRhax; (7) (Fig. 5a, Eq. 4) even
the frost events occurring during the previous night whichthough its leaves are deciduous. Here, we had to perform
temporarily decreased the photosynthetic activity. On thethe fitting based on the measurement in late June, because
other hand, the air temperature was not measured directlthe midsummer values were missing. The average of leaf
at either studied sites and, therefore, the small differencesnass-base®mnax values fits with the modelled values better
in site-specific micro-climates might affect the phenology of than any of the individual shoots (Fig. 5b). Again, there was
C. vulgarisand all other studied species as well. an overestimation in the autumn, similar to that observed in

When the shoots were examined separately, we notice€. vulgaris The measure@®nax in the sparser population
that the measurements of the sparse shoot follofygg; () was higher than the estimation early in the campaign, having
more closely than the measurements of the dense shodhe highest measured photosynthetic activity in August.
which showed an early peak in the measuPg@y values be- The measured whole plafi,ax values ofRubus idaeus
fore a decrease in midsummer (Fig. 4b) at the same time thaind Epilobium angustifoliundid not follow the modelled
the short drought appeared (Fig. 2). Due to this decreasePmay; (t) that was based on temperature history. The highest
we fitted the model based on the measurements before thmeasuredPmax of R. idaeusas well as the accomplishment
drought (1 July) instead of the highest measurement (18 Auof maximal leaf area is later than the peakSifEq. 3). The
gust). This resulted in a close fit between the estimation andast two measurements with full leaf area seemed to follow
the measurements except for the drought period and for théhe temperature history but this needs further study as well as
second last measurement in autumn. The overestimation imtroducing the species-specific leaf area increment into the
the model was presumably again a result of the frost that ocmodel because the growth Bf angustifoliumfor example,
curred during the previous night. takes place earlier thdR. idaeus
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A ollB Table 3. Fitted parameter values for the temperature dependence of
200 O Dense ° respiration.
T ® Sparse o
Rg Q10 12
mgg 1h~1
Calluna vulgaris 0.08 23 033
Epilobium angustifolium 0.05 3 0.01
Rubus idaeus 0.11 25 0.08
D 0
oc»
S & o 1987). Epilobi . .
o ). Epilobium angustifoliumand Rubus idaeushowed
o wide variation in respiration values, but no clear temperature
9. o sensitivity (Fig. 6b and d). Frantz et al. (2004) found that
° .Oo whole-plant respiration of rapidly growing plants had low
3 ° sensitivity to temperature. However, the narrow temperature

0 10 20 30 0 10 20 30 range and the two low values near°8might also be the
reason for the week temperature response and-fovalues
Temperature (°C) (Table 3).

_ o _ _ Reich et al. (1998) found that mass-based leaf dark respi-
Fig. 6. Respiration against temperaturd®fvulgaris(A andC) and ration rate Rmas9 Was positively related to specific leaf area

E. angustifolium(B andD) of the measured shoots (upper panels) 44 mass-based net photosynthetic activity as well as to leaf
and based on full-grown leaf mass (lower panels). Individual shoots

are marked with spheres of different colours. The fittings for both hitrogen mass, while the respiration rate decreased sharply

shoots are marked with the dashed lines and the average fitting witMVIth increasing leaf life span. Lar§en etal. (2007) found that
solid line in panel (C). even the whole ecosystem respiration depends on the pho-

tosynthesis ofC. Vulgarisat a temperate heath. Our results
indicate the same: the measured respiration rates of above

__ 003 e c wugaris X ground parts closely followed to the photosynthetic rate and
e 3 gf;aif:foﬁum ‘/V’ R C. vulgaris with the longest life span, had the lowest respi-
"> 002 & D flexuosa 552 F A\Y\ ration rates.
3 I an P1s%o A% However, the averaging of the species-specific respiration
o o ! . . e e .
. 001 oe R was again problematical because the individual shoots had a
ch I O PN different mass-based level of respiration. The shootSaif
AT 0 \\‘g/\ luna vulgarishad a similar type of response to temperature,
0.00 ‘ ‘ ‘ : A== i i i
Apr May Jun Jul Aug Sep Oct Nov but the Rmass level was different (Fig. 6c), while the total

respiration of individual shootsRghoo) Were more similar
Fig. 7. Measured averag@mayx values forC. vulgaris E. an-  (Fig. 6a). The temperature dependence that was somewhat
gustifolium D. flexuosaand R. idaeusare marked with symbols. seen in the total respiration of all shoots (Fig. 6b) was lost,
The daily Pmax values used in the upscaling (lines) Bf angus-  when the results were based on above ground mass (Fig. 6d).
tifolium andR. idaeusare linearly interpolated from the measure-
ments, whereas values @f. vulgarisandD. flexuosafollow the 3.5 Upscaled GPP andk,
state of development (Eq. 4).

For upscaling, we used the estimated daflyax; () values

of Calluna vulgarisandDeschampsia flexuoghat followed
3.4 Respiration the state of development (Eq. 4, Fig. 7). We did not measure

the photosynthesis dd. flexuosabefore early June but we
Calluna vulgarisis a small shrub with abundant wooden assumed that it remained zero for some time after the snow
biomass and perennial leaves. As a reddltyulgarishas  melted, even the temperature increased. Therefore, we set
the lowest mass-specific level of respiration but the temperthe Pmax; (f) values to increase linearly from zero, starting
ature response was similar to that of the other spegiag (  from 9 May until 20 May and thereafter to follow the temper-
in Table 3). Leaves with high nitrogen content have high ature historyRubus idaeusvas set to increase linearly from
maintenance requirements, and consequently they typicallyt May to the first measurement (2 June) whgx was still
have higher dark respiration than low-nitrogen leaves andyery low. The shoots oEpilobium angustifoliunbegan to
therefore, lose more carbon in respiration (Chapin et al..senescence already in midsummer but part of the leaves may
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15 ——— consin (USA) in 2002 were 699, 1052, and 460 g C%mat
4ol Fertile 3-, 8-, and 12-year-old sites, respectively. However, the GPP
e depends on climate, fertility and species composition and the
T 09F process-based method has some shortcomings as highlighted
8 06l earlier. Therefore, it would be beneficial to further test the
O . .
2 different methods simultaneously.
& 03 Infertile Our measurements showed that the aboveground elements
0.0 7 w w W of Calluna vulgarisreleased 68 g C n? at the infertile site
Apr May Jun Jul  Aug Sep Oct Nov during the snow-free period (18 April-21 November), when

modelled with the temperature dependence curve (Egs. 2
Flg 8. UpSC&'ed dally maximum photosynthesis rate of the mea-gnd 6)’ hour'y average temperatures and the average above-
sured species at the infertile and fertile sites. ground biomass (Table 2). The aboveground par&mio-

bium angustifoliunreleased 7g C m? at the infertile site

and 22 g C m? at the fertile site, using the same calcula-
have remained green in some individuals until late autumnijon method. The aboveground parts Réibus idaeuse-
We decided to extrapolate thnax; () values forE. angus-  |eased 12 C m? at the fertile site. The value &. vulgaris
tifolium linearly from the last measurement on 2 July to be geems very high in comparison to carbon fixed per leaf mass
zero on 12 September and thereafter. Using these speciegszos). This was probably caused by the fitting of the respi-
specific dailyPmax; () values, average full-grown leaf mass yation values: the model apparently results in overestimation
and hourly average PAR measurements we upscaled (EQ. 3 the respiration at lower temperatures (below@pR The
the photosynthetic production to be 28009 Loyt model might also overestimate the respiration during night
(7609 Cnr2y~Y) atthe fertile site and 11009 G@ 2y {ime pecause respiration has been observed to be the highest
(300g Cnr?y~1) atthe infertile site (Fig. 8) wher@alluna  afer photosynthesis and decreasing in prolonged darkness
vulgarisandE. angustifoliuntixed 244 and 55 Py, re-  (Azcan-Bieto and Osmond, 1983). In addition, the fit of the
spectively. The species-specific estime_xtions at the fertille Sit‘%emperature dependence curve included lot of uncertainty.
are 105, 163 and 4949 Cﬁyfl for R. idaeusE. angusti- The net productions (GRPR;) of R. idaeusand E. an-
foliumandD. flexuosa,respectively. If we consider only the - g, tifolium were several times higher than their standing
time between the first and last species-specific measuremeRfomasses. The missing emissions can be partly explained by
without any assumptions for earlg SPTing and late autumnhe release of carbon in the senescence that was not recorded
Wefbt?'” 25009 and 930g GOn~“y~= (680 and 2509 C i, our sequence. The species are perennial despite their an-
m~“y~") at the fertile and infertile site, respectively. nual leaves or entire aboveground parts and, therefore, they

The used process-based upscaling procedure is very sengjtso store carbon below ground in their root systems. The net

tive to biomass and it does not take shading into accountproduction ofCalluna vulgaris(GPP-R,) was 20% lower
Many species such agaccinium vitis-idaeaand mosses  than the standing biomass. The small differenc€invul-

were miSSing from the analySiS since measuring all SpeCiegaris m|ght be exp|ained by the h|gh fraction of wooden
and high variation between individuals would be impossi- hiomass that has low cost of vital functions.

ble. There are differences in the level and in the reactions

to environmental factors within species. It is also somewhat

probable that thé; (Eq. 1) is changing seasonally evenifwe 4 Conclusions

assumed it to be constant. In addition, the time constgnt (

Eqg. 3) needs further studies too. Common ground vegetation species in early succesEioin,
However, our result is within the range of other net ecosys-lobium angustifoliumDeschampsia flexuosa, Rubus idaeus

tem scale results published on young forests. Herbaceouand Calluna vulgaris have clear, species-specific seasonal

plants and woody shrubs were estimated to uptake 315 andycles in their Pmax levels. The Pnax of C. vulgaris

172g C m2, respectively at a 5-y-old vegetated clear- and E. angustifoliumpeaked in June and July whereas in

cut in subboreal British Columbia (Pypker and Fredeen,R. idaeughe Pyax peaked as late as August. A model, based

2002). Using EC measurements, gross ecosystem produon temperature history, was able to predict the photosyn-

tion including tree seedlings (GEP) was 3169 C4y 1 in thetic activity of C. vulgariswhen soil moisture conditions

Québec (Bergeron et al., 2008), 435g Chy 1 in Vancou-  were normal. The activity oDeschampsia flexuosaith

ver (Humphreys et al., 2006) and gross primary productionits deciduous leaves also followed the temperature history

(GPP) 323g C m?y~1 in southern Finland (Kolari et al., within the time frame of our measurement campaign. Some

2004) at young clear-cut sites. In southwestern United Stateshoots ofC. vulgarisand R. idaeusdecreased their photo-

the GPP was 858 g C ™ a ! after fire (Dore et al., 2008).  synthetic activity during drought, while the drought did not

Noormets et al. (2007) showed that time-integrated fluxesaffect the other shoots. Individual shootsofangustifolium

from May to October in managed forests in northern Wis- also showed differences in the reaction to drought.
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Calluna vulgarisis a small shrub with abundant wooden Chabot, B. F. and Hicks, D. J.: The ecology of leaf life spans, Ann.
biomass and perennial leaves. As a restiltyulgarishas the Rev. Syst., 13, 229-259, 1982.
lowest mass-specific level of photosynthesis and respiratiorehapin lll, F. S., Bloom, A. J., Field, C. B., and Waring, R. H.:
sponse of respiration was similar to that in the other speciesD ?_7' 49_§7’H198k7' homn. S. A and Dav. T. A.: Eff ¢ sol
Whole-plant respiration oR. idaeusand especiallE. an- eLucia, E., Heckathor, 5. A., and Day, T. A.: Effects of soll tem-

ustifoliumdid not show a clear sensitivity to temperature perature on growth,biomass allocation and resource acquisition,
g . IVIT) " New Phytol., 120, 543-549, 1992.

The total photosynthesis and respiration were more conpgre, s, Kolb, T. E., Montes-Helu, M., Sullivan, B. W., Winslow,
comitant between the plant mdmduals than the result; bgged W. D., Hart, S. C., Kaye, J. P., Koch, G. W., and Hungate, B. A.:
on full-grown leaf biomass. This may be the result of signifi-  Long-term impact of a stand-replacing fire on ecosysteny CO
cant self-shading in deep crown that increases with leaf mass exchange of a ponderosa pine forest, Global Change Biol., 14,
or other limitations that require additional research. 1-20, 2008.

We upsca|ed the Species_speciﬁc process rates by Speci&ebs, A., NOFd'Und, A., Karlsson, P., Helmlnen, J., and Rissanen,
composition, and integrated fixed and respired,®®mea- P.: Climatological Statistics of Finland 1971-2000, Climatolog-
sured speciés over the entire growing season by continuous ical statistics of Finland 2001, Finnish Meteorological Institute,
temperature and radiation measurements. The results shOW(=Ed Helsinki, 2002. ,

. . fley, G. S. A., Rademacher, |., and Kuhbauch, W.: Leaf anatomy
that from very poor and very fertile clear-cut site, the po-

. . ) of a fast- and a slow-growing grass as dependent on nitrogen
tential present range of photosynthetic production of ground supply, J. Agron. Crop Sci., 187, 231-239, 2001.

vegetation was 300-760g Chy L. It is within the same Erley, G. S. A., Rademacher, |., and Kuhbauch, W.: Leaf life span
range of other ecosystem scale studies at young sites. The of a fast- and a slow-growing grass as dependent on nitrogen
process-based upscaling used in this study enables extrapo- supply, J. Appl. Bot.-Angew. Bot., 76, 8-12, 2002.

lation and estimation of the future G@xchange of ground FAO-Unesco: Soil map of the world, revised legend, World Soil
vegetation. However, the method still has shortcomings (e.g. Resources Report 60, 1990.

inaccuracy in estimated biomass and inaccessibi”ty to a||Fie|d, C.B.: AIIocating leaf nitrogen for the maximization of car-
species). Avoiding these possible causes of error is very la- Pon gain: leaf age as a control on the allocation program, Oe-

borious. Therefore, integrated use with EC technique would_ €0l0gia, 56, 341-347, 1983. _
be advantageous. Field, C. and Mooney, H. A.: Leaf age and seasonal effects on light,

water, and nitrogen use efficiency in a calif ornia shrub, Oecolo-
. gia, 56, 348-355, 1983.
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