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Abstract. Accurate determination of carbon balances in het-1  Introduction
erogeneous ecosystems often requires the extrapolation of
point based measurements. The ground resolution (pixeFlosed chambers have been frequently used to derive gas ex-
size) of the extrapolation base, e.g. a land-cover map, migh€hange balances between ecosystems and the atmosphere.
thus influence the calculated carbon balance, in particular ifUsually, representative plots within the ecosystem are se-
biogeochemical hot spots are small in size. In this paperlected, which cover the spatial heterogeneity of the study site.
we test the effects of varying ground resolution on the calcu-There, fluxes are measured, and the modeled seasonal gas
lated carbon balance of a boreal peatland consisting of humexchange fluxes from these plots are extrapolated to larger
mocks (dry)' lawns (intermediate) and flarks (Wet Surfaces)_areas or the whole ecosystem. Extrapolation is usually done
The generalizations in lower resolution imagery led to biaseddased on the spatial representation of each measured micro-
area estimates for individual micro-site types. While areas ofSite within the ecosystem: a modeled flux of a particular
lawns and hummocks were stable below a threshold resolurepresentative micro-site is usually multiplied by the area
tion of ~60 cm, the maximum of the flark area was located atthat particular micro-site type occupieSchimel and Potter
resolutions below 25 cm and was then decreasing with coars1999.
ening resolution. Using a resolution of 100cm instead of The exact spatial distribution of micro-sites is particu-
6 cm led to an overestimation of total GOptake of the stud-  larly important if micro-site size is small and the ecosys-
ied peatland area (approximately 14 60)) mf ~5% and an  tem surface strongly heterogeneous, e.g. in many peatland
underestimation of total CHemission of~6%. To accu- ecosystems. Spatial information on micro-site distribution
rately determine the surface area of scattered and small-size&fn be obtained by rough estimation, vegetation mapping in
micro-site types in heterogeneous ecosystems (e.g. flarks it smaller area e.qRiutta et al.(2007), along transects e.g.
peatlands), a minimum ground resolution appears necessarfilm et al. (1997 and Laine et al.(2006, or with a land-
In our case this leads to a recommended resolution of 25 cn;over map of the complete area under study Bufier et al.
which can be derived by conventional airborne imagery. The(2009. While the first approaches cover just a fraction of
usage of high resolution imagery from commercial satellites,the study area and do not necessarily represent the situation
e.g. Quickbird, however, is likely to underestimate the sur-in the whole study area, this last approach promises the most
face area of biogeochemica| hot Spots_ Itis important to notée|iab|e Spatial estimates and thus the most reliable flux ex-
that the observed resolution effect on the carbon balance edtapolation. Land-cover maps are more applicable regard-
timates can be much stronger for other ecosystems than fdng & complete and representative coverage of heterogenous
the investigated peatland. In the investigated peatland the reRreas. However, it depends entirely on the relationship be-
ative hot spot area of the flarks is very small and their hot spofween the ground resolution of the imagery and the size of
characteristics with respect to Gland CQ fluxes is rather the micro-sites. Here, we show that ecosystem trace gas flux
modest. estimates, especially for methane, depend significantly on the
resolution of the underlying land-cover map.
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to develop micro-site emission models covering the spatial
variability within the micro-site type.

CO; and CH, fluxes were measured once a week. The
CO, measurements were performed over 24h. For deter-
mination of net ecosystem GQGexchange, we employed a
transparent chamber (60 &80 cmx32 cm) with an auto-
matic cooling system which kept the headspace air tem-
perature within approximately°C of the ambient temper-
ature. The CH flux measurements were conducted using
aluminum chambers. The GQoncentrations were mea-
sured using a C&lH0 infrared gas analyzer (LI-840, Licor,
USA). CO, readings were taken at 1s intervals over 120s.
During the CH flux measurements, four headspace samples
were taken every 4 min from the chamber in a 16 min time
Fig. 1. Location of the study site in Finland, indicated by the red period. CH con_centrgtlon in the syringes were an:_allyzed one
point. day after sampling with a gas chromatograph (Shimadzu 14-
A) equipped with a flame ionisation detector. The gas fluxes
were calculated from the concentration increase in the cham-
ber headspace over time applying nonlinear exponential re-

2 Study site gression for CQ@ (Kutzbach et a].20073 and linear regres-
sion for CH;.

The peatland “Salmisuo” is located at°@Z' N, 30°56 E, The seasonal exchange was calculated using models which

in Eastern Finland (Figl), and is generally classified as an haye been developed for the research site: in case of @l

oligotrophic low-sedge pine ferSgarnio et a).1997). Cli-  applied a non-linear function with peat temperature in 20 cm

matic conditions represent the boreal fore;t climateshler  depth and water table as predictor variabl®agrnio et al.
and Strahler2009 with a mean annual air temperature of 1997 and subsequently tested for their significance. Due to

+2.1°C and a mean annual precipitation of 667 mm (years:insignificance of the influence of the water table we used the
1971-2000 inFinnish Meteorological Institute2002. The  following formula:

surface of the peatland consists of three main vegetation

communities, which follow the microtopography. Hum- Fera = explay + azx Tpea, @)
mocks are elevated and drier are®n(s sylvesterisAn- wherea; anday are fitting parameters aritheatis the peat
dromeda polifolia Sphagnum fuscumlawns are intermedi-  temperature in 20 cm depth.

ate areas with respect to moisture conditioBsigqphorum The CQ exchange fluxes were modelled by a nonlinear

vaginatum Sphagnum balticumSphagnum papillosum  function of the form:

and flarks are wet areaS¢heuchzeria palustri$Sphagnum b1 x Tairx PAR

balticun). Fcoz = b fPAR + bax exp(bax Tair), (2
whereTy is air temperature, PAR is photosynthetically ac-

3 Methods tive radiation andby, bp, b3 and b, are fitting parameters.

The first part of the equation including the parametgrand
The calculated carbon balance for this study is based om, represents the control of micro-site photosystheset-(
(1) plot-scale guantification of carbon dioxide (Cand  tunen 2000, the second part with the parameteérsand
methane (Cl) exchange fluxes using closed chambers overp, represents the control of micro-site respiratiitzbach
50 days, (2) a hydrological part to estimate the lateral carboret al, 20075.
losses by dissolved organic carbon (DOC) and 3) a remote Contrasting the results t§aarnio et al(1997 the model
sensing part to map the spatial distribution of micro-sites. did not explain the hummock emissions significantly (Ta-
ble 1).
3.1 Gas flux measurements and carbon budget calculation Hence hummock emission was calculated by monthly
mean emission. Finally, the modelled time series were in-

For this study, we analyzed G@nd CH, emission for the o ate to derive the total amount emitted over the 50-day
time period 26 July 2005-13 September 2005 (50 days)investigation period

fluxes of CQ and CH, were measured with the closed cham-
ber techniquel(utzbach et al.2007a Saarnio et aJlQQD 3.2 Dissolved organic carbon export
Sample plots have been chosen by the three dominant
types of micro-sites (flarks, lawns and hummocks). For everyDissolved organic carbon (DOC) export was calculated by
micro-site type four replicate sample plots have been selectechultiplying daily surface runoff with average daily DOC
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Table 1. Model characteristics of Eq4.and2 wheren is the number of sampled;—b4 andaq, ay are fitting parameterst: is the 95%
confidence interval of the fitting parameter%,is the coefficient of determination amgksis the standard deviation of the residuals.

CO

n b1 + b + b3 + by + r2 ores
flarks 100 -12.21 152 254.70 103.76 1191 553 0.11 0.03 087 24.82
lawns 103 -20.98 3.03 315.82 131.07 7.07 3.78 0.16 0.03 U85 40.40
hummocks 104 —-27.43 5.29 336.74 190.78 24.02 17.06 0.10 0.04 *O¥%7 73.73
CHy

n ag + as + r? Ores
flarks 8 2.65 0.88 0.14 0.06 087 8.62
lawns 9 2.23 141 0.11 0.10 055 7.91

hummocks 8 - - - - - -

% n20,001,** p<0.01,* p<0.05

mass per volume concentrations ([DOC]); measurements

were undertaken at a ditch collecting the peatland outflow.

[DOC] was determined by daily water sampling and subse-

quent analysis of UV absorbance at 254 nm in a double bean e
UV/IVIS spectrophotometer. For calibration of the UV/VIS [
spectrophotometer, a selection of samples was analyzed witt ,
a Shimadzu 5000-A TOC analyzer for their [DOC] to estab- \ '
lish a linear regression function between UV absorption and %
[DOC]. Discharge was measured by a sharp-crested v-notct
weir. Discharge values were logged every 15 min and subse-
quently integrated to daily runoff values. The resulting daily
DOC flux rates in the stream were converted to export values
per unit area (in g C/R) through integration over time and
then divided by the catchment area size (365 080 m

3.3 Remote sensing &

Fig. 2. Helium filled dirigible with tail fins; the envelop is inflated

The remote sensing task was covered by very high resolutio%nly by the gas pressure

imagery taken from a helium filled dirigible on 10 August
2006. The dirigible with a volume of 2#¥rwas capable to

lift 1 kg of payload and was with its tail fins well equipped i .
to be more stable in the air than a balloon (F2}y. At the a cellwidth of about 50m, and the position of every GCP

bottom of the dirigible, a camera rig was attached that heldaS measured with a differential global positioning system.
the camera in an almost nadir position The average horizontal accuracy of these measurements was

To obtain the imagery, we utilized a 7 megapixel point 35cm.
& shot camera (Canon Powershot G6) combined with a In order to get a reasonable amount of GCPs for georecti-
2 gigabyte storage medium. This setting provided us withfication and at the same time a very high ground resolution,
the ability to obtain 100 raw data images (*.crw) per flight & flying height of~150 m above the ground was chosen, of-
session with a resolution of 30%2304 pixels and a shoot- fering a ground resolution of about 6 cm and a minimum of
ing frequency of one image per minute. The restriction of 6 GCPs in every image.
100images was given by the software of the camera. The To simulate different flying heights of the dirigible, we
ground resolution of these imagery depends very much ortoarsened the ground resolution from 6 cm to 10 cm and fur-
the flying height of the platform (e.g:5 cm at a flying height  ther in steps of 5cm up to a resolution of 100 cm. By coars-
of 130 m above the ground). The total costs for the setup, inening the resolution up to 100 cm we cover the range from
cluding the helium, was about 1660 very high resolution airborne imagery to very high resolu-

For further processing, the imagery was georectified ustion commercial satellite imagery (e.g. QuickBird 2 (61 cm)
ing a grid of ground control points (GCPs). The grid had and IKONOS 2 (100cm)). Coarsening the resolution was
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Fig. 3. Result of the maximum likelihood classification at a ground (»=6) and within the covered frames for gas measurements

resolution of 6 cm; green=flarks, beige=lawns, brownzhummocks,(nzlz)_

dark gray=shadow, white=boardwalk and dead trees; data are pre- 1q jgentify possible thresholds for the detection of large

Se.nted in the coordinate system of UTM zone 36N, WGS 84’changes in the calculated area during the coarsening process

unit=meter. . . . .
and thus reasonable object sizes at the particular resolution
(Fig. 5), we used the moving split window analysis (MSWA)

done during the process of georectification in ER Mapper®:9-Webster and Won@969). A four-sample window width

Professional 7.1 of ER Mapper, using the nearest neighbol'@S applied to find possible thresholds while coarsening the

algorithm to resample the imagery to the desired resolutiondround resolution. For every half of the window the arith-
We used the nearest neighbor resampling because it is cop metic mean of the area was calculated and the difference be-

ing actual data values of the closest datapoint to the cell ifVeen halves determined. The window was moved sequen-

the output dataset and does not alter the original input pixepally th_rough the data_to achieve .statisti.cal_comparison for
values Lillesand and Kiefer1994. Resampling of multi- the entire data set. Using the moving split window, a change

spectral imagery using the nearest neighbor algorithm prepf the observed attribute is indicated by maximum values in

serves the relationship between the different bands of the imth® graphs Johnston et 3].1992. The calculation of the
age Earth Resource Mapping008. coverage of different micro-site types at a given resolution

was possible due to the vectorization of the classification out-

The georectified imagery was classified in the next step, © Th torizati " i te obiects of th
defining training areas with the typical spectral characteris-PU"- 'N€ veclorization allows to Seperate objects of the same

tics of the micro-site types and using a supervised cIassifi-CIasseS from ea_ch other and the calculation of spatial cover-

cation with the maximum likelihood algorithm in ER Map- age for every object.

per 7.1 to search for all other pixels with similar spectral

characteristicsl{llesand and Kiefer1994. The resulting 4 Results

land cover map (Fig3) was vectorized, using the Raster-To-

Polygon function with the option N&implify in ArcGIS of Highest obtained ground resolution was 6 cm and subsequent

ESRI ESRI, 2004 to assure that the polylines of the output coarsening resulted in 20 area estimates (Bjgfor each

polygone conformed to the input raster's cell edge. Vector-micro-site type. Flark area was unstable above a threshold of

ization was necessary to determine the object size of a sin~25 cm from where it decreased with coarsening resolution

gle object or the mean object size of the different micro-site(loss of 54% between 6 cm and 100 cm) with the exception

types. Furthermore, we calculated total area and average sizsf the resolution between 55 cm and 80 cm, were values for

of each micro-site type for each resolution (F4y. flarks varied by up to 370%. Area of lawns and hummocks
The overal accuracy of the classification result is ca. 84%were unstable at a threshold 60 cm and above. Below

The accuracy assessment was conducted using a subset the mentioned thresholds the values varied around 7250 m

a vegetation survey done in July 2005 at the covered GCP§+10%) for hummocks/lawns and around 249 (6-20%)
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Fig. 5. Moving split window analysis of the total area covered by —100 J
flarks, lawns and hummocks; the squared distances between the
halves of the windows (y-axes) is plotted against the resolution (x- = —150 1
axes); the plot is showing the combined result of all three micro- & —200 -
sites, where the left y-axis belongs to lawn (blue) and hummocks 3 _9250
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for flarks, respectively. Hence we called the range below the —450 , ; ,
thresholds “stable” (Figd). This observation was confirmed 6 15 100
by the result of the MSWA, where the peaks indicated possi- o
ble thresholds at 25 cm and 65 cm (Fiy for either flarks or resolution in cm

lawns and hummocks. _ _
Fig. 6. Seasonal gas fluxes, calculated for the area of every micro-

Coarser resolutions resulted in a linear increase of humg;,. type (green=flarks, blue=lawns, red=hummocks) at changing

mocks and a concurrent decrease in lawns (21% change bessoutions(a) seasonal fluxes of GHC, grouped by resolution; at

tween 6cm and 100cm). The large fluctuation in the class, resolution of 100 cm an underestimationd% of the total CH-
of flarks between a resolution of 55 cm and 80 cm is showingc emission is shown(b) fluxes of CG-C, grouped by resolution;

the unreliability of the data at these resolution. In compari- using a resolution of 100 cm instead of 6 cm lead to an overestima-

son to these uncertainties, Flgis showing a threshold for tion of total CQ-C uptake of~59%.

the class of flarks at a resolution of 60 cm. Due to the small

contribution of flarks to the total area, estimates of lawns

and hummocks behave nearly as mirror images of each other The accuracy of spatial gas flux estimations in this ap-

(Fig. 4). The amount of single objects in the classes of lawnsproach is highly related to the ground resolution of the im-

and hummocks and their close spatial relationship is causinggery used for the classification. Due to stronger generaliza-

a give-and-take between these two classes at their commaiion at a smaller scale the loss of small objects is increasing

border. Hence the spatial representation of the two majoby coarsening the pixel size.

classes depend on each other and a changing of much smallerFor every micro-site the lowest possible detection thresh-

classes has no substantial effect. old, indicated by the peak, is located at a ground resolution
Seasonal gas fluxes differed between micro-site types (Taof 25 cm. The next possible threshold for every micro-site is

ble 2) with flarks emitting the most Clper area and hum-  at a ground resolution of 60 cm.

mocks taking up most of the G(per area. Seasonal DOC

export was calculated as 080.02gC/nf, representing

only 0.23% of the seasonal carbon balance. Taken togethef Discussion

the generalizations in lower resolution imagery led to biased

area estimates for the individual micro-site types (Bjgand  The underestimation of CHfluxes at lower resolution,

thus at a resolution of 100 cm to an overestimation of totalcaused by the underestimated area of flarks and lawns, leads

CO, uptake of~5.2% (Fig.6a) and an underestimation of to a conservative approximation of the gfixes in the par-

total CH; emission 0#~6.2% (Fig.6b). ticular area. Using a ground resolution of 100 cm the net

www.biogeosciences.net/5/1387/2008/ Biogeosciences, 5, 13832008
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Table 2. Seasonal gas fluxes of GFC and CQ-C for every micro- spots O_f each micro—sjte type and .then .multipli(.ed by the
site type @ as the 95% confidence interval), estimated from closedMiCro-Site area. In particular small micro-sites, which are of-
chamber measurements; the DOC value is an estimate for the cont€n biogeochemical hot-spots, (e.g. wet areas emitting) CH

plete catchment. tend to be affected. In our field site, a ground resolution of
25 cm appears to be necessary for the detection of these bio-
flarks lawns hummocks geochemical hot-spots with respect to £éimission. A res-
CHs-C 3.71£0.06g/?  1.65:0.04g/m?  0.85£0.02g/n? olution of 60 cm appears sufficient for a representative detec-
C0z-C —13.8260.28g/nf  —36.33£0.50g/nf  —43.95£0.79 g/nf tion of larger micro-site types as well as with respect to,CO
DOC export flux 0.08:0.02g C/n? fluxes for all micro-sites types.
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