The carbon, wat ersoadnd weon droglyg elpaoll aen cpea

recovering from mountain pine beetle

by
Mathew Brown

B.A., University of Victoria, 2000
M.Sc., Lincoln University, 2006

A THESIS SUBMITTED INPARTIAL FULFILLMENT OF

THE REQUIREMENTS FORTHE DEGREE OF

DOCTOR OFPHILOSOPHY

THE FACULTY OF GRADUATE STUDIES
(Soil Sciencg

THE UNIVERSITY OF BRITISH COLUMBIA

(Vancouver)

April 2011

O Mathew Brown 2011



Abstract

Over the past decade British Columbia (BC) has experienced the largest mountain pine beetle
(MPB) outbreak on record his study used the eddy covariance (EC) technique to examine the
impact ofthe MPB outbreak on th@etecosystem production (NERhd evapotranspiratiork)
of two lodgepole pinatands in the central interior 8C from 2007 to 2010MPB-06, an85-
yearold standand MPB03, all0yearold stand werefirst attackedby the beetlen 2006and
2003 respectrely. EC measurements were algmadein two harvestedstands onein 2005and
one in1997 (CCO5 and CE97, respectivelyduring the 2007 growing season.

Annual NEP increaseftom -81 to 64 gcarbon(C) m? from 2007 t02010at MPB-06
due to an increase gross ecosystem photosynthe$tg) (At MPB-03, annualNEP also varied
with Pg, rangingfrom -57 g C nfin 2007 to 6 g C fiin 2002 Annual ecosystem respiration
(Re) did notvary greatlyover the four yearat both sitesAt MPB-03, Py was reduced by drought
in 2009 and 2010The increase iy at both sites was due to an increase in the photosynthetic
capacity of the surviving trees and vegetatiorshasvn by foliar neaissimilation measurements.
Light response analysisdicatedthat daytimeR. values derived using nighttime NEP data were
likely realistic estimates of the actuaispiratoryfluxes. NEP measuremesit CG97 and CC
05, showedthat these stands are likely to remain C soufoess many ad0 years follovng
harvesting There wadlittle interannual variation irE at both sites as the surviving trees and
vegetation compensated for reduction& idue to the death of the overstoRootzone dainage
was much greater at MP&3 than at MPBDG6, due to large P at MPB-03. Growing season water
deficit showedboth stands to be water limited spite of the high proportion of dead pine trees
Results from this study sh@dthe importance of the remaining healthy trees and vegetation in

the recovery of these stanidesm MPB attack.
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List of Symbols and Acronyms

Symbol / Acronym Units Definition

C carbon

CCP Canadian Carbon Program

CH, methane

CO, carbon dioxide

EC eddy covariance

FCRN Fluxnet Canada Research Network

GHG greenhouse gas

IRGA infrared gas analyzer

LAI m* m? leaf area index

MPB mountain pine beetle

NBP g C ni? time 8 net biome productionngt ecosystem productic
including disturbange

NEE e mo ?s'm net ecosystem exchange

NEP e mo *stor net ecosystem production

g C m?time™

PAR e mo I“s'm photosynthetically active radiatidtux

SD standard deviation

WD mm water deficit(Epot - E)

WUE g C kg* water water use efficiencyPy/E)

Amax e mo *s'm maximum assimilation rate , Chapter 2

Amax e mo “s'm leaf photosynthetic capacity, Chapter 4

An e mo [“s'm foliar net assimilation

Ata °C amplitude of the diurnal course ©f

D kPa vapour pressure deficit

D, mm Drainageof water from the root zone

E mm time* evapotranspiration

Emod mm timé* modelled evapotranspiration

Epot mm time* potential evapotranspiration

Eeq mm timé* equilibriumevapotranspiration

Fe e mo *s'm CO, flux

G W m*? soil surface heat flux

H W m* sensible hedtux

P mm d* precipitation

Py e mo “stor gross ecosystem photosynthesis

g C m?time™
Pgmax e mo [“s'm ecosystem photosynthetic capacity
Pgmaxn e mo ?s'm ecosystem photosynthetic capacity, frEg

Xi



Symbol /Acronym

Units

Definition

PgmaxP
Pn

Q
Q1o

R,
Ra

- All units of respiratioma r e

Re10
Red10

Jcmod

e mo “s'm
e mo Pstor
g C m?time™
e mo “s'm

W m?
W m?

wWm
W m
wWm
W m
(per unit ground area)

N N NN

C

C

C

C

JkgtK™?
Jkgt K™
kPa

mms*
mms*
mms*
mmol m?s?
0.40

kPa K*

ecosystem photosynthetic capacity, from NEP
net primary production

downwelling photosynthetically active radiation
relative increase in respiration per 10 °C incre
in Ts

net radiation flux

available energy flux

i n?stompd n¥ time™

autotrophic respiration

daytime ecosystem respiratidDhapter 2
ecosystem respiration

daytime ecosystem respirationddy relationship.,
Chapter 4

daytime ecosystem respiration

measured ecosystem respiration/ modelled
ecosystem respiration

ecosystem respiraticat 10°C

daytime ecosystem respirationday relationship)
at 10°C

heterotrophic respiration

leaf daytime respiration

soil respiration

heat storage in the tree boles

heat storage in the branches &oithge

rate of energy consumption by photosynthesis
rate of change in energy storage in the air
biomass between the EC sensors and the gr
surface

air temperature at 2@

boletemperature

foliage temperature

soil temperature at 5 cm depth

water content on a wet mass basis

leaf specific heat

specific heat of air

vapour pressure

aerodynamic conductance

canopy conductance

modelled values of canopy conductance
stomatal conductance

von Karman constant

change inthe saturation vapour pressure wi
temperature
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Symbol / Acronym Units Definition

T hours tis the time of day (PST)

U m s’ horizontal velocity

u, m st friction velocity

Usth m s* threshold friction velocity

\Y, m s’ lateral velocity

W m s* vertical velocity

Zm m measurement height

a nmmol C nmol photons quantum yield, Gapter 2

a PriestleyTaylor coefficient Chapter 3

v nmol Crmmol photons  leaf quantum yield

an mmol C mmol photons quantum yield, from NEP

o maximum PriestleyTaylor U

ap quantum yield fronPy

> E W m? latent heaflux

o Eq W m* equilibrium latenheatflux

ra mol dry air m® density of dry air

f ° phase angle of the diurnal courseTgf

q m® m soil fine fraction (soil particle size < 2 mn
volumetric water content

q decoupling coefficient

g kPa K* psychrometriconstant

Ym integral diabatic correction factor for momentun

Vh integral diabatic correction factors for sensil
heat transfer

¥ radians hout diurnal angular frequency

G, g m? specific leafmass

Siti med indicates tddyeandiysaes. of seconds, hour s,
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1. Introduction

Anthropogenic emissions have increased atmospheric carbon dioxided@entrations from

the preindustrial level of 260 ppm to 387 ppm by the end of 2009 (Canadedl 2007,
Friedlingsteinet al 2010). In 2009, total COemissions from fossil fuel burning and cement
production were 8.40 Pg C, a decrease of 1.3 % 22068 due to the global economic crises;
however, with economic recovery, emissions are projected to increase by more than 3% in 2010
(Friedlingsteinet al 2010).Friedlingsteinet al (2010 also report that lardse change (LUC)
accounts for additionamissions of ~0.90 Pg C. This is of major concern since modeling with
and without greenhouse gas (GHG) forcing clearly indicates that the increase in the atmospheric
concentration of C@and other GHGs, such as methane and nitrous oxide, is very likelygau
global climate warming (Grace 2004, IPCC 2007). BetweerD 20@ 2008, the terrestrial
biosphere absorbed 29% of the annual anthropogenjce@sions resulting from fossil fuel
burning, cement production and LUC, with the oceans absorbing a f@@Per although the
yearto-year variability in the fraction absorbed waigh (Le Quéréet al. 2009). Despite this

uptake by the biosphere, the rate of increase in the atmospherico8€entration continues to

rise, averaging 1.93 ppm y&arom 200062006 (Canadekt al 2007), and the fraction of annual
emissions remaining in the atmosphere increased 0.3%, §ream 1959 to 2008Le Quéréet al.

2009). Since GHGs affect the global climate, the uptake and release of these gases by the
terrestrial biosphere has a direct influence on climate change (Heinmann and Reichstein 2008).
The connectionbetween the terrestrial carbon (C) cycle and climate change suggests that if a
significant portion of the C stored in the terrestrial biosphere werbe released to the
atmosphere, there would likely be a significant impact on climate (Heinmann and Reichstein

2008).



The exchange of C{between terrestrial ecosystems and the atmosphere occurs through
two main processes; ecosystem uptake of atmospld is the result of gross ecosystem
photosynthesis Ry), while ecosystem respiratiorRd results in the release of GQ@o the
atmosphereR. is comprised of autotrophic respiratioR,( from the foliage, stemspots and
mycorrhizae,and heterotrophic respiratiofR{) results from the microbial decomposition of
above and belowground organic matter. The differenoetween the twotypically largg fluxes
of Re andPy is the net ecosystem exchange (NEE), with a positive value indjcatyain of CQ
by the atmosphere and a negative value indicating gain by the ecosystem. The eddy covariance
(EC) technigue has emerged as the preferred method for measuring NEE on land (Baldocchi
2003, 2008). The term net ecosystem production is defayeNEP =-NEE, with a positive
value indicating a net CQuptake by the ecosystem (C sink) over a period of time (e.g., a year),
while a negative NEP indicates a net{€lease (C source) to the atmosphere (i.e., NER-=
Re).

Both within Canada andlapally, networks, such as the Fluxnet Canada Research
Network (FCRN), now known as Canadian Carbon Program (CCP), Ameriflux and
CarboEurope, under the umbrella of FLUXNET, a global network of EC sites, lieare
establishedo monitor C balances in variswecological regions. FLUXNET includes more than

500 EC sites from many regional networks operating on atermg basis (Fig. -1).
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Figurel.l. FLUXNET sites and list of regional networks. Source: http://www.fluxnet.ornl.gov.

In Canada, EC measurements made in the boreal forest have shown annual C balances of
stands to vary widely, with stand composition, climate and disturbance all having an influence
(e.g., Barret al. 2007, Bergeroret al 2007, Mkhabelat al. 2009). Distubances, such as forest
fires, insect attacks and harvesting, can result in some of the largest-year variability in
NEP and shift forests from acting as C sinks to sources (Aetied. 2010). Modelling studies
have estimated that, primarily dueda st ur bance, Canadabés forests
a C sink, during the mido late1990s, to being a C source during the last 10 years (€han
2000, Bond-Lamberty et al. 2007, Kurzet al. 2008). While the impact of forest fires and
harvestigp on NEP has received considerable attention in the past decade @nait2003
Humphreyset al.2005,Amiro et al.2006), insect attacks have only recently begun to be studied
(Cooket al.2008; Clarket al 2010).

The current mountain pine beetdRB) (Dendroctonus ponderospeutbreak in British

Columbia (BC), which began in 20@D02, is unprecedented in terms of tree mortality and area

3



affected. A 2009 aerial survey reported just under 9 million ha of forests showing beetle impact,
down from thepeak infestation of 10 million ha in 2007 (Westfall and Ebata 2009) (Fig. 1.2).

The main host of the beetle is lodgepole piRes contortavar. latifolia), which is found
throughout the interior of BC. The magnitude of the current outbreak is princardyto the
combination of an abundance of mature lodgepole pineirardasingwintertime minimum
temperatures over the past several years (Safranyik and Wilson 2006). Although the beetles
prefer mature lodgepole pine (~860 years old), they can inhaittually all Pinusspp. in

western North America (Taylat al. 2006). The beetles colonizkeroughpheromonamediated

mass attacks which overwhelm the liestefences (Aukemet al. 2006). After eggs laid by the
female beetles hatch under the bark, the | arv
of photosynthate (Taylaet al. 2006). The beetles also introduce a bdten fungus into the tree

which clogs the xylemgduci ng the treeds capacity to tran
(Gorte 2008). Generally, in the first year of MPB attack, the needles of attacked trees remain
green (green attack stage). However, following the first winter of attack, the needlesd on

trees that have been killed (red attack stage) and one or two years later the needles fall, giving

the trees a grey appearance (grey attack stage).
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Figure1.2. Mountain pine beetlenfestationarea recordeth British Columbain 2009 Source:
Westfall and Ebata (2009). Polygons were classed based on percehtiiges attacked in
polygons sketcimapped during systematic aerial inspectifvisry Severe = >50%, Severe =
30-49%, Moderate = 129% Light 1-10% and Trace = <1%A map of the cumulative area of
attack can be found dittp://www.for.gov.bc.ca/hfp/mountain_pine_beetle/maps.htm

The effects of MPB attacks on forest C cycling are not well understood. However, they
have the potential to influence NEP, through their impad®pandR.. Following MPB attack,
the reduction in healthy leaf area associated with tree mortality would ldad to a decline in
Py, while the increase in dead organic matter (needles, branches, stems and roots) would be
expected to lead to awventualincrease inR,. While no previous measurements of NEP have

been made in MPB attacked stands, a study by Kuml. (2008), using the Carbon Budget



Model of the Canadian Forest Sector (CEENMS3), predicted the cumulative impact of the BC
MPB outbreak from 2002020 to be a net loss 270 Tg C over 374,007 kinforest, with the
impact peaking in 2009 wita netbiome production (NBP, defined &EP plus the impacts of
disturbance) 0f53 gC m” Coops and Wulder (2010) made MOEHS&sed estimates 6% over
the entire BC MPB infestation area, from 2002 to 2005, and reported a decreasea066 10
from preoutbreaklevels, with more severely attacked stands having a greater reduction. While
both of the preceding studies provide insight as to the impacts of the MPB attack on the C
balance of these stands, the EC technique has the advantage of making continuoesneetssur
of NEP at the stand level, with fluxes calculated every-hailir. This allows the C balance to be
determined over a range of time scales, from-haifrly to annual. When these fluxes are
combined with hathourly climate measurements, empiricaldals of the response of NEP to
climate variation can be developed (Batral. 2004). EC measurements are also essential for
validating process models and remote sensing algorithms.

In addition to the potential impacts on the C balance, there is mucaroameer how the
beetle outbreak will impact the hydrology of the affected stamils, predictions of an increase
in water yield peak flow and base flow (BC Ministry of Environment 2008; Rex and Dubé
2009). Higher water yield would likely lead to increasin the occurrence of flooding and
changes in fish habitat and watershed nutrient status. A hydrological study by Potts (1984), on a
watershed in Montana where 35% of the timber had been killed by the MPB, found a 15%
increase in the annual water yie&dd10% increase in low flows and an increase in peak runoff in
the first five years following attack. A change in water yield could partly occur through a
decrease in canopy interceptionesabecause after attack, foreahopies open up due to needle

loss and eventual tree fall. Thus, beedltacked stands become similar to harvested stands,



which have greater winter snow accumulation and higher melt rates than unharvested stands
(Winkler et al.2010).

Evapotranspirationg), which is comprised of evapion from the soil surface and wet
vegetation, and transpiration from vegetation, is likely to be affected by beetle attack too, but
little is known about such impacts because existing water balance studies have tended to focus
on water yields, rather &ém E specifically. A significant decrease Edue to a reduction in live
leaf area associated with tree mortatign be expected to lead h@her water tables and water
yields. The impact ok is likely to depend on the fraction of trees killed by tleetke, and the
presence of secondary structure (living tree seedlings and saplingsregy and canopy trees
that survive the attack), and the amount of shrub and herb vegetation. If only a small fraction of
trees are killed, thek might not change gatly; however, if an entire stand without secondary
structure is killed, then a large reductionHrcan be expected toccur. As Hélieet al. (2005)
note, the large variability in BC precipitation and temperature regimes and vegetation types make
it difficult to predict whether postutbreak changes in transpiration would be large or small.

In order to improve our understanding of the effextsnsect attacks on forest C and
water cycling, this thesis examines the impact of the MPB on the C, water and energy balances
of two lodgepole pine stands in the northern interior of BC. The first stand is located at Kennedy
Siding (MPBO06), about 35 kmsoutheast of the town of Mackenzie (Fig.1.3). This
approximately 8¢yearold standcontained few not#odgepole pine trees and was first attacked
by the beetle during the summer of 2006, shortly before EC measurements began in late July.
The second stand located adjacent to Crooked River Provincial Park (MBB about 70 km
north of Prince George, and approximately 100 km south of BVPB-03 is approximately

110 years old and was first attacked in 2003. When EC measurements began in March 2007, it



had > 95% pine canopy mortality. The overstory of MBBwas comprised of about 92%
lodgepole pine and 8% subalpine #b(es lasiocarpga and had a developed secondary structure
consisting of lodgepole pine, subalpine fir and winyrid spruce Picea ghuca)sub-canopy

trees, saplings, and seedlings.

L,.é_*h H British Columb:a

k"‘w.twn,-.unm: :
@mﬂu _MPB-06 |
' _MPB-03

L Prince George.
el

Figurel.3. The locations of MPB)6 and MPBO3.

In Chapter 2, NEP from the first two years of measurements is exarfiihagdter zhas
been publishecs Brown M, Black TA, Nesic Z, Foord VN, Spittlehouse DL, Fredeen AL,
Grant NJ, Burton PJ, and Trofymow JA. 2010. Impact of mountain pine beetle attack on the net
ecosystem production of lodgepole pine stands in British Columbia. Agricultural and Forest
Meteorology, 150: 254264.2007 and 2008 were the first and second year after the beetle attack

at MPB-06, and were the fourth and fifth years after attack at MBBMonthly diurnal NEP
8



over thetwo years is examined and annual totals of NEfandRe are presente A comparison

of NEP measurements made in the beetleattacked stands and two harvested stands in the
2007 growing season provides insight into the contrasting management strategies of clearcut
harvesting versus allowing stands to naturally regenerate

Chapter 3 presents an analysiskoin MPB-06 and MPB03 from 2007 to 2009. The
canopy characteristics, consisting of canopy conductagge RriestleyTaylor U and the
decoupling coefficienty are presented anl is modelled. The water deficit and drage of
water from the root zone of the two stands are compared and discussed in relation to the beetle
attack.

Chapter 4 examines the C balance of both stands from 2007 to 2010, focusing on changes
in Py and Re over a longer period than in ChapterThe response oR. values derived from
nighttime and daytime NEP dataTeare compared, and a light response analysis of NEPgand
provides insight into the recovery of the stands. Foliap EX2¢hange measurements of various
stand components are repart@nd compared to stand leWwgl Finally, the water use efficiency
(WUE) of both sites is analysed.

Chapter 5 summarizes the major conclusions of this study, discusses how these findings
relate to other research on the effects of MPB attack on foregtli@gand identifies areas for
future research.

A number of appendices are also presented which in&udigta from MPB06 in 2006
and from the two harvested sites in 2007, the flux footprints fronwbsites and the design of
the EC and climate measurement systgghstographs of the two canopies in ea€the four
years of the studythe EC data logger codandthe Matlab program used to calculate the O

and water vapoutuxes



2. Impact of mountain pine beetle on the net ecosystem production of

lodgepole pine stands in British Columbia

2.1 Introduction

The current British Columbia (BC) outbreak of mountain pine be&kndroctonus
ponderosag ( MPB) , which began in the | ate®ol9906s,
lodgepole pineRinus contortavar. latifolia) by the end of 2007, and is predicted to kill ~76% of
the mature pine volume in the province by 20Walton et al. 2008). Lodgepole pine accounts
for almost 30% of the timber volume in the timber harvesting land base of BC and the pine
dominated stands located in the SRdreal Spruce biogeoclimatic zone account for
approxi mately 70% o f(MeRliGggrsandtPbjani9®iTherurrend MRBt i o n
outbreak is believed to have peaked in 2005 with a volume of ~141 milflaf merchantable
pine killed that year on the timber harvesting land base (Wettah2008). This compares with
the average annuall@vable cut of approximately 68 million ?{BC Ministry of Forests and
Range 2006), between 1995 and 2005, from all provincial timber supply areas AitiBiLigh
such epidemics have occurred in the past, none have been this large in areal extematoin du
The size of the current epidemic is primarily due to the combination of an abundance of mature
lodgepole pine and rising wintertime minimum temperatures for the past severd|Sadeanyik
and Wilson 2006). Despite the fact that large areas beer affected by the epidemic and that
the carbon (C) balance of Canadian forests is driven by disturbance (Kurz and Apps 1999; Amiro

et al. 2006), there is a dearth of measurements examining the influence of insect attacks on C
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cycling in forests, and tine are no known empirical studies examining net ecosystem CO
exchange measurements.

Net ecosystem production (NEP) is a direct measure of the degree to which an ecosystem
is a source (NEP < 0) of, or a sink (NEP > 0) for atmospheric C over the tirod péinterest
and is defined as the difference between gross ecosystem photosyriRpeéds¢ known as
gross primary production) and ecosystem respirati@n A beetle epidemic could affect stand
NEP in several different ways. Fir§y would be expected to be dramatically reduced with the
increasing severity of attack due to the death of canopy trees. This would be accompanied by a
corresponding decrease in autotrophic respiratfg) (.e., the release of G@&rom the metabolic
activity in roots, boles and leaves. The declind?jncould be reduced by increased growth of
secondary structure (consisting of tree seedlings and saplingsaisopy and canopy trees that
survive a beetle attack (Coatesal. 2006)), if present, and shrulasd herbs. An increase in
decomposable biomass, mainly in the form of fallen needles, dead roots, standing and fallen dead
wood would be expected to lead to a large increase in heterotrophic respRgtion{ released
due to microbial decompositioA study conducted in Oregon found that lodgepole pine killed
by MPB began falling 3 and 5 years after death in thinned and unthinned stands, respectively
(Mitchell and Preisler 1998) and that 50% of the attacked trees had fallen within 9 years in
unthinned &nds. A substantial increase Ry would be expected once dead standing biomass
begins to fall and decompose (Am@bal.2006).

The MPB is native to BC, and while epidemics are often associated with lodgepole pine,
the beetles can inhabit virtually &linusspp. in western North America (Taylet al. 2006).
The beetles colonize via pheromemee di at ed mass attacks which ef"

ability to defend itself (Aukemat al. 2006). When eggs laid by the female beetles under the
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bark hatch t he | arvae feed on the phloem,etalutting
2006). The beetles also introduce a bdtaan fungus into the tree which clogs the xylem, thereby
reducing the treebfs capacity to transport wat
There ae three stages to a MPB attack. The grattaick stage describes the first year of
attack, during which time a treeds foliage r e
red attack stage, the foliage senesces and turns red. Following the semqrideytree enters the
grey attack stage and the needles turn brown and begin to fall.
Kurz et al. (2008) recently used the Canadian Forest Service C accounting model CBM
CFS3 to predict that the cumulative impact of the beetle outbreak in BC, betwe@rad
2020, will result in a net loss of 270 Mt C extending over an area of 374 000kis averaged
to a net biome production (NBP) (defined as the NEP of stands in the region with the inclusion
of the effects of disturbance) e42 + 21 g C rif yr* over the 20 year period. The same study
predicted that the impact of the beetle (excluding the effect of additional harvesting in response
to the attack) would peak in 2009 with an NBR5# g C n¥ yr, with NBP slowly recovering
thereafter. However, ir2020 the total area would still remain a net C source. The results
presented here are the first measurements of NEP in-dttdBked stands and thus will help
determine ecophysiological responses at the stand level as well as provide empirical data for
evalating forest disturbance C models. To this etiils study had the following four
objectives: 1) to measure the annual NEP in a stand without adexaloped secondary
structure in the early to middle stages of attack, and in a stand with significamdagey
structure in the middle to late stages of attack, 2) to determine the impact of beetle aRgck on
andRe, 3) to determine the effects of the beetle on the photosynthetic characteristics of these

stands, and 4) to evaluate the impact of salvagesbing on the NEP of these stands.
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2.2 Methods

2.2.1 Site locations

NEP measurements were made at two locations in the northern interior of BE.1Fitable2-

1). This region is located in the S#mreal Spruce biogeoclimatic zone (Meidinger and Pojar
1991) andboth stands were dominated by lodgepole piiays contortaDougl. Ex Loud. var.

latifolia Engelm.). The first stand is located approximately 35 km southeast of the town of
Mackenzie at Kennedy Siding (MP®5). This stand contained few npime trees, wh the
understory consisting mainly of pine seedlings, scattered shrubs and a ground cover of moss,
lichen and dwarf shrub species. The second stand is located adjacent to Crooked River Provincial
Park (MPBO03), approximately 70 km north of Prince GeorB€ and approximately 100 km

south of MPB06. In addition to overstory lodgepole pine and ground cover dominated by
mosses, lichens and dwarf shrubs, MBPBhad a developed secondary structure consisting of
saplings of subalpine firAbies lasiocarpaand white spruceRicea glaucaland seedlings of all

three tree species plus deciduous shrubs. Stand, understory, and soil characteristics were
determined on three National Forest Inventory style ground plots (NFI 2004) at each site located
120 apart and 50 nfrom each tower. The first major MPB attack at M@®occurred during

the summer of 2006. By May 2007 the majority of the canopy had been attacked Z-Bable
MPB-03 was first attacked in 2003 and when NEP measurements began in 2007 the site was
>95% in the redattack and grawttack stages. NEP measurements were also made in two
harvested stands during the summer of 2007. They-Q&CGind CE97) are located
approximately 1 km E and 2 km SW, respectively, of the MBHIlux tower. CC97 is a 10

yearold dearcut, which was left to naturally regenerate. The site is characterized by a large

number of lodgepole pine seedlings (1200 stemy tith the soil surface covered by a mix of
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lichens and moss (Seip and Jones 2007}06@& a site that was salvag@dred following MPB

attack and planted in 2006 with a mixture of lodgepole pine and hybrid white spruce seedlings.
The ground cover is similar to that of €2 except with a lower abundance of lichen (Seip and
Jones 2007). Prior to harvest, both sites wi@rainated by lodgepole pine. All four sites are flat

and on coarse textured gravelly soils of glatiwial origin.

) U =Y
British Columbia

K"\ _MPB-03

~TTN s

O S
PP Prince Georgé..

- " 100 km
Eé E L~ \::r,,}
< e

Figure2.1. The locations of MPB)6 and MPB03. CGO05 and CE97 are located approximately
1 km E and 2 km SW, respectively, of the MB8 flux tower.
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Table2-1 Stand characteristics at MPI and MPB03.

MPB-06 MPB-03

Stand age (yr) ~80 ~110

Tower location 55A06042.806(5428624.80606N
122A500628.50122420648. 4606W

Elevation (m) 750 710

Canopy height (m) ~15 ~17

Stand density (height > 10 1275 (204) 558 (123)

m) (stems ha)

Stand basal area’fha Live: 11.8i 19.2 Live: 0.7 3.2

(height >10m) Dead: 0.2 0.9 Dead: 8.1 14.7

Seedling/sapling Pinus contorta7470 Pinus contorta2800

density Abies lasiocarpal00 Abies lasiocarpa2300

(stems ha) Picea glaucall0 Picea glaucal90

Understory vegetation Alnus tenuifolia Salix Salix spp. Amelanchier alnifolia
spp, Vaccinium spp. Vaccinium spp.Arctostaphylosiva

ursi

LAI (overstory)

2007 1.4 0.9

2008 1.3 0.8

% MPB attacked when <5 >90

tower established

Litter-fibric-humus 1.10 3.78 1.88i 2.81

C content (kgn)

Mineral soil C content 1.767 3.15 1.217 2.76
(0-55cm) (kgm™)

Fine soil bulk density 1180 (220) 1160 (323)

(kgm?)

Soil texture Gravelly sandy loam Gravelly sandy loam
Soil coarse fragments (% 34 (11) 70 (7)

by volume > 2 mm)

! Standard deviation in brackets.
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Table2-2. Stand MPB attack status at MFB.

August 2006 June 2007 October 2007~ Audust
2008

Nonattacked (%) 50 43 28 21

Greenattacked 50 10 19 5

(%)

Red/grey

attacked %) atl 53 73

"Hilker et al.(2008)
’Means of values from this study and of Seip and Jones (2008).

2.2.2 Flux, climate and ecophysiological measurements

A thirty-two-metertall scaffold flux tower (~2.1 m long x ~1.5 m wide) was established at each
of MPB-06 and MPRO3 in July 2006 and Mah 2007, respectively. Flux and climate
measurements began on 18 July 2006 and 20 March 2007 at the respective sites. Both sites were
generally located on horizontal ground with a homogeneous fetch greater than 1 km in all
directions. NEP was measured etitly using the eddgovariance (EC) method, which has
become the standard technique to measure net ecosystgax&f@nge (Baldocchi 2003). A 3
dimensional ultrasonic anemometer (model CSAT3, Campbell Scientific Inc. (CSI), Logan,
Utah) was used to measuhe three components of the wind vector, and turbulent fluctuations of
CO, and HO were measured using an ogeath infrared gas analyzer (IRGA) (modet 1300,
LI-COR, Inc, Lincoln, Nebraska,). Signals were measured with a data logger (CSI, model
CR100Q with a synchronoudevicefor-measurement (SDM) connectiodigh frequency (10

Hz) data were stored on a compact flash card that was replaced evergeks. Hakhourly
covariances and other statistics were calculated on the data logger and transithittbidhate

data daily by cell phone to the laboratory. The system was powered using/@ 46i@r panels
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(CTI-130, Carmanah Technologies Carp.ictoria, BC) with an 806Ah battery unit consisting

of 8 absorbent glass mat batteries {EX00,Carmanah Tehnologies Corp.)During the winter

the sampling rate was reduced to 5 Hz to conserve power. At both sites, instrumentation was
mounted at the height of 26 m, which was ~8 m and ~6 m above the top of the canopy at MPB
06 and MPRBO03, respectively. These igats resulted in growing season upwind distances from
the flux tower to the 80% cumulative flux contour being typically 400 m and 1500 m during the

daytime and nighttime at both sites. Fluxes of,(f&)) were calculated as the covariance of the
CO, mixing ratio (s;) and vertical velocityw), i.e., F, = r_,Wisj, wherer is the density of dry

air, the overbar denotes hdburly averaging and the primes indicate fluctuations from the
average. High frequency signals were not detrended. Three coordinate rotations were applied to
the high frequency wind data to make=w =0 (Tanner and Thurtell 1969). Net ecosystem
exchange (NEE) was calculated as the sufi.@ind the rate of change of @8orage in the air

column beneath the EC instrumentation. The storage term was calculated from the difference
between§ measured at the 2@ height in the previous and following half hours applied to the

air column beneath the EC sensors (see Morgenstead. 2004). NEP was calculated as
NEP=-NEE.

Measurements of climate variables were also made continuously at both sites. These
included: abovecanopy upwelling and downwelling shortwave and longwave radiation (model
CNR1, Kipp and Zonen B.V., Delft, The Netherlands) and almawepy upwelling and
downwelling, and belowcanopy downwelling photosynthetically active radiation (PAR) (model
LI-190AS, LICOR Inc.), precipitation at canopy height (tipping bucket rain gauges, model
TE525WSL, CSI at MPB03 and model 2501, Sierra Misco, Berkeley, CA at MI®B wind

speed at the 25 m height (model 05103 R.M. Young Inc., Traverse City, MI), air temperature and
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relative humidity at 6 m (model HMP45C, Vaisala Oyj, Helsinki, Finland), soil temperature
(chrometconstantan 30 gauge thermocouple wire, Omega Engage8tamford, Connecticut)

at depths of 5, 10, 20 and 50 cm, soil heat flux (3-fleatplates model HPO1, Hukseflux Delft,
The Netherlands) at a depth of 5 cm and water content (model CS616, C3K) atrDand 30

50 cm at MPB06 and (model E&, DecagorDevices Inc, Pullman, Washington) at 10 cm, 20
cm and 50 cm at MPB3. Meteorologicameasurements were made every second, and 30 min
average values calculated. Measurements of diffuse PAR (model BF3;TDBkaices Inc.,
Cambridge, UK) were made at a whear station in the CQ7 clearcut located ~1.5 km east of
the MPB06 tower during the 2007 summ&nowpack depth was also measured at the clearcut
weather station using aacoustic distance sens@model SR50M, CSl)and precipitation
calculated from thee data and manual measurements of liquid water equivalent.

Leaf area index (LAI) was calculated for the canopies at both sites usinG@R.IPlant
Canopy Analyzer (model LA200O, LFCOR Inc.) as well as a TRAC (Tracing Radiation and
Architecture of Caopies) instrumentThird Wave Engineering, Nepean, Ontario, Cajadal
hemispherical photography (Eggintenhal.2008).

To determine the influence the beetl e had
early stage of attack, foliar GGexchange measurements were made on 24 pairs of-green
attacked and noeattacked trees of similar size and age, located within 3 m of each other over
three days at MPB6. Shoots were clipped from the lower branches of the canopy at a height of
approximategf 6 m using a pruning pole and measured within 5 minutes of sampling.
Measurements were made between 10:00 and 16:00h PST on Aug2& 2006 in ambient
light conditions. All three days were generally sunny with maximum downwelling PAR reaching

1800nmol m? s*. Net assimilationA) and stomatal conductanag)(measurements were made
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using two portable photosynthesis measurement systems (moe0Q) LFCOR Inc.),
following the approach of Pypker and Fredeen (2002). One system used accjdiarconifer
chamber (modeb40005, LI-COR Inc.), while the other used a closed opaque chamber (model
640002B, LI-COR Inc.) with a red/blue LED light sourc8hoots were placed in the conifer
chamber under ambient light conditions, whileéepresentativaeeedles (intact to the branchlet)
were placed in th€ED light source chambem both systems €0, concentration and air flow
rate were maintainefibr 3 min at400 ppmv and 500 pmol5(300 mL min'), respectivelyAir
temperature, atmospheric water gap pressure deficit and PAR were continuously recorded
during each measurement along wkhandgs. Areabased estimates & were calculated after
determining half the total leaf area, using the volumetric displacement technique, for each
branchlet oleaf sampled and leaf area to dry leaf biomass ratios (specific leaf area, SLA) were
determined.

In order to assess the rate of advance of the beetle attack, tree health status inventories at
MPB-06 were conducted in August 2006 and August 2008. Thekattatus of individual trees
was determined along two 350 m long transects x 2 m wide. Green attack was identified by the
presence of beetle core holes, while red attack was identified by foliage colour, and grey attack
by the transition to brown coloumventories were also conducted in June and October 2007 by
Hilker et al. (2008). In addition, independent tree health assessments were also made annually in
August by biologists evaluating woodland caribou to partial retention logging of MPB attacked

stana (Seip and Jones 2007).
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2.2.3 Wintertime fluxes

Recently, the observation of wintertime gptake has led researchers to question the reliability

of the LF7500 IRGA in cold air conditions (Grelle and Burba 2007; Buebaal. 2008).
Comparisons using closquhth analysers suggest the problem is due to heat generated by the
openpath analyser in cold conditions leading to a sensible heat flux inside theaihearray

which affects the C®density (Burbaet al. 2008; Bonnevilleet al. 2008). To assess the
reliability of our wintertime fluxes we first classified MRE NEP as wintertime data when soll
temperature at the 5 cm depfliy)(was <1 C and the air temperature at 26 Tg) (was <5 C. Of

these data, in 2007, 32% showed negatdleE (CQ, uptake) and were discarded. When
separated into daytime and nighttime data, negative fluxes accounted 54% of the daytime data
but only 19% of the nighttime data. This agrees with the findings of Lafleur and Humphreys
(2008) who observed wintertim€O, uptake occurred 49% and 22% of the time during the
daytime and nighttime, respectively. Budtaal. (2006) conducted experiments on the opath
wintertime CQ uptake phenomenon and reported that the problem is more serious during the
daytime due tothe absorption of solar radiation by the-1300, which further heats the
instrument surface. They found that temperatures inside thepaplerarray were correlated with

wind speed such that at higher wind speeds, heat produced by the instrument was more
effectively removed from the opgrath array so the difference between air temperature and
surface temperature of the instrument was reduced. They found that for all air temperatures,
winds exceeding 8 m s' reduced the surface temperature of the detdmpusing of the LI

7500 to less than 1 degree C above ambient. Thus we examined the effect of wind speed on our
2007 wintertime data at MRB6 by plotting the fraction of negative NEE values against wind

speed. The fraction of negative values decreasdd imcreasing wind speed, with the largest
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reduction (from 0.28 to 0.18) occurring as wind speed increased from i3 8 4Consequently

we discarded all daytime winter data when wind speed was <4 mhich removed a further

67% of these values, leag 98 daytime winter values. During the nighttime, the fraction of
negative values was relatively constant at ~0.12 regardless of wind speed, thus we did not
discard any nighttime data based on wind speed. For the nighttime, there were 844 remaining
accepable wintertime values. In total, 56% of wintertime fluxes were accepted, leaving a total of
942 acceptable haliour fluxes during the wintertime. The same screening procedure was
applied to 2008 wintertime data.

At MPB-03, data collection did not begimtil 22 March 2007, so we filled 1 January to
22 March 2007 with values modeled using the parameters from the eé20pBical logistic
relationshipbetween NEE and; (see below for more details) and 2008 half houiglgata. It is
not expected that theimtertime Ts would vary much between years. In fact, between January
and March for 2008 and 2009; was always within a 0.5 degree C range, slightly above 0 °C.
At the Prince George airport, located ~80 km from MFB wintertime snowfall was similar
between years with an accumulation of 2.4 and 2.1 m in 2007 and 2008, respectively. Following
the method of analysis of wintertime NEE data at MBwe removed all negative NEE values
and daytime data when the wind speed was < 4 at MPB-03.

By removingonly wintertime negative NEE measurements it is possible that a bias
towards greater COloss was introduced because at these small rates of respiration
instrumentation random noise could result in occasional small negative flOges.
Alternatively, wintetime respiration might have been greater than the measurements suggest
because heating in the open path array might have had the effect of lowering mEasumad

its actual value.
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2.2.4 Flux quality control and data analysis
Flux quality control procedurescluded rejection of data when a-B80nute period had more
than 30% of an individual trace with an instrument diagnostic warning flag that indicated a bad
measurement, and setting minimum (300 pmol thahd maximum (1000 pmol nid) bounds
on CQ concertrations as measured by the ogeath IRGA. Wind rose analysis showed that the
predominant wind direction at MP83 was from the west to southwest but during the winter
there was also strong flow from the nedhst. At MPB0O6 the predominant wind directio
during the growing season was from the west to southwest. Fluxes were not rejected on the basis
of wind direction since the fetch was greater than 1 km in all directions around the tower. Wind
through the tower and sonic occurred seldomly and when thdré was no detectable effect.

EC measurements made during the night provide a direct meastévah Gorsekt al.
2008). At both sites, only nighttime EC data when friction veloadity (vas greater than the
thresholdu- (u«,) of 0.30 m & were casidered for analysis to ensure sufficient turbulent mixing
(Baldocchi, 2003). Selection aky, was achieved by plotting hatfourly CQ flux (both
annually, and for the growing season and the rest of the year) agaiasd determining the
value for vhich a further increase i+ no longer led to an increase in the flux (Massman and
Lee 2002). Althoughu+, was not clearly defined, which, unfortunately, is comsptace in EC
studies (Guet al. 2005), the threshold was within +0.05 maf 0.30 m &. Daytime R. was
estimatedusing the standard algorithm established by the Fluxnet Canada Research Network
(FCRN) of the Canadian Carbon Program (Bral. 2004)which assumes an empirical logistic
relationship between nighttinf& (u- > u-y) andTs (the r> was 0.44 for MPBO6 in 2007 and
0.50 and 0.42 for MPB®6 and MPRO3 in 2008, respectively) and extrapolates to daytime (see

Humphreyset al. 2005) Py was calculated as daytime NEP + daytiRieGaps in the daytime
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NEP datawere filled with the dference between modelleley and R.. Py was also modelled

using the FCRN standard algorithm, which assumes a rectangular hyperbolic relationship
betweenPy and incident PAR (the’ for MPB-06 and MPB03 was 0.18 and 0.13 for 2007, and
0.51 and 0.42 for 2008, respectively). The -jliimg procedure used was altered from that
described in Baret al.(2004) in that the moving window, which estimates the seasonal variation
of the timevarying parameters from the empirical relationships described above, was not applied
during the winter (wherls was <1 °C). In the moving window approach, the parameter is
calculated as the slope of the linear regression between estim&gganfi Py) obtained from

the annual relationships, afd (andPg) from the measurements. The window is 100 data points
wide and is moved in an increment of 20 points at a time. Ideally, each window would cover a
period of a few days. However, during the winter as¢hsites, when NEE measurements were
sparse due to the screening procedure, a single 100 point window was found to span weeks or 2
3 months. Over such time spans climatic variability, such as changgs aould result in
variations inR. even thougiTs varied little.

EC data were assessed for energy balance closure, although an energy balance correction
was not applied. Halfiourly measurements of net radiation flux, surface soil heat flux, sensible
and latent heat flux were used together with estimateshanges in aicolumn sensible and
latent heat and biomass heat storage (Humpheegs 2003). Daytime energy balance closure
during the 2007 growing season was 79% and 88% at-88”&d MPBO03, respectively.

To determine the photosynthetic and resjoiry characteristics of the two ecosystems,

the following MichaelisMenten light response (rectangular hyperbolic relationship) was used

NEP= 2 m

aQ+Anax-Rd (1)
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where a is the quantum yieldAnax is ecosystem photosynthetic capaci®y,is the daytime
ecosystem respiration ai@lis the incident PAR (Griffigt al. 2003). This analysis was done on

a monthly basis using daytime data @#® 5mmol m*s™.

2.2.5 Uncertainty analysis

Uncertainties associated with annual totals of NBP.and Re were determined using the
following two techniques. Random error was assessed using propagation of errors following
Morgensterret al. (2004), which assigned a 20% random error to eackhloaify value of NEP.

The uncertainty due to the gap filling algorithms was estimated using Monte Carlo simulation
following the procedure of Krishnagt al. (2006) which generated gaps in measured NEP (i.e.,
not gapfilled) ranging from a hathour to 10 daysising a uniformly distributed random number
generator, 1000 times. For each time, the relationships betesmd Ts, andPy and Q were

then determined using the algorithms described above. Modelled values were usefilltthgap
original dataset. Thenaual values of NEPR. and Py were then sorted to determine the 95%

confidence interval.

2.3 Results

2.3.1 Seasonal weather

Mean annualT, at both sites was approximately 3.0 °C in 2007 and 2008. Growing
season (MaiySeptember)Y, in the study region is typicallgool with an average daily (24 )
of 12 °C (19732000 normal from the Mackenzie Airport, Environment Canada). At /6B

the mean growing seasdn was 11.8 and 12.4 °C in 2007 and 2008, respectively. Growing
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season rainfall was 246 mm in 2007 and 258 im 2008 (Fig2.2). Snowfall during the 2006
2007 winter at MPB)6 was estimated to be 354 mm (liquid water equivalent) and total annual
precipitation (1 Nov 2006 to 31 Oct 2007 rain year) was approximately 732 mm. Snowfall
during the 20072008 winter wa estimated to be 339 mm and total annual precipitation was
approximately 608 mm. Average soil fiufraction (soil particles <2 mm) volumetric water
content(d) for the 610 cm depth, varied from 0.09 to 0.16m™ at MPB06 during the
growing season of the two years. Field capaeliyl(MPa) and wilting point{.5 MPa)d values

for the soils at the two sites were estimated to be approximately 0.17 and B8, m
respectively (Campbell and Norman 1998). At MBB mean growing seasdn was 12.7 °C
during both 2007 and 2008, while growing season rainfall was 576 mm in 2007 and 620 in 2008.
The much higher precipitation total at MPB compared to MPB6 is likely due to a higher
occurrence of convective showensdastorms at MPH3. Growing seasod (10 cm depthht
MPB-03 varied from 0.13 to 0.20 hm™ over the two years. WintertimB at both sites never
dropped below-0.5°C, likely a result of the heavy snowfalls in l@etober and November,

which would havensulated the soil surface before the soil could freeze (Moetsah2006).
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Figure2.2. Air temperature Ts), cumulative precipitationR,y), Soil temperatureTg), soil water
content ¢l), wind speedy) and PAR Q) at MPB06 and MPRB03 for 2007 and 2008. F&.ym

only the growing season (May to September) values are shown. AtQ@PBtal annual
precipitation was estimated to be 732 and 608 mm in 2007 and 2008, respectively.

2.3.2 Comparison of NEP in attackd and nonrattacked trees and stands

Although MPB06 was still green and appeared healthy during July and August 2006,
~50% of the trees had been attacked byJatg. The average bole diameter at 1.3 m above the
ground of attacked lodgepole pine treeswd.3 cm, while that of neattacked trees was 8.0
cm, showing the preference of the beetle for larger t¥gemndgs measurements were made to
determine the effect of the beetle attack on photosynthesis at this early stage of attack. A two

way analysiof variance showed that there was a slight but insignificant difference at the 95%
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confidence level i\, andgs between pairs of greesittacked and neattacked trees (Tab3)

(Anandgs values were approximately 25 and 15 % higher respectivelyhéokED light source
measurements). As a result, we treated NEP measurements made between 29 July and 20 August
2006, as a healthy control period to compare with measurements made during the same interval
in 2007, when approximately 50% of the trees hadnbkided. The climate during the
comparison periods was similar, with averdgels and daytime PAR being 13.4°C, 12.7°C and

670 pmol n¥ s*in 2006 and 12.8 °C, 12.5 °C and 600 umdl sit in 2007. However, 2006 was

a relatively dry summer and as aukésiveragef was only 0.06 fim™ compared to 0.10 fm™®

in 2007.

Measured values of NEP over the comparison interval in both years were used to create
an ensemble average diurnal course of NEP @&&a). All halfFhourly nighttime measurements
wereaveraged to a single nighttime value. For thed2g comparison period, NEP was 18 g C
m?in 2006 compared to 23 g Chin 2007. Average nighttime NEP was less (more negative)
in 2006 ¢2.98 umol n¥ s%) than 2007 {1.95 pmol n¥ s) and during the ddaime (between
6:00 and 21:00h PST) average NEP was 2.36 and 1.90 prifiof'min 2006 and 2007,
respectively. Light response analysis shows fhak Uand Ry were all greater in 2006 than

2007 (Fig.2.3b).
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Table2-3. Comparison of daily values of net assimilatiédq)(and stomatal conductanag)(of
pairs of norattacked (NA) and greeattacked (GA) trees at MPR@65.

Date A, (umol CO, m*s™) gs(mmol HO m*s™)
2006 |, NA GA NA GA
3 -

Ambient LED Ambient LED Ambient LED Ambient LED
Aug 3 3.05 2.48 3.17 2.55 0.019 0.008 0.011 0.011
21 (1.08f  (1.49) | (155) (1.52) | (0.005) (0.006) | (0.005) (0.007)
Aug 11 4.01 5.02 2.85 4.23 0.016 0.022 0.012 0.020
22 (0.93)  (1.57) | (1.49) (2.46) | (0.013) (0.010) | (0.014) (0.013)
Aug 10 3.58 3.94 2.88 2.72 0.016 0.016 0.012 0.012
23 (1.52)  (1.25) | (2.53) (2.55) | (0.016) (0.008) | (0.019) (0.013)
All o 3.21 4.49 2.97 3.39 0.016 0.018 0.011 0.015

(1.18)  (1.47) | (1.85)  (2.44) | (0.013) (0.009) | (0.015) (0.013)

! Daily averages of measurements made between 10t3600h PST.
2 Measurements were made using a conifer chamber under ambient light.
® Measurements were made using an LED light source chamber.

4Standard deviation.
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Figure2.3. (a). Ensemblaverage diurnal course of measured NEP measurements made between
July 29 and August 20 2006 and 2007 at M All half-hourly nighttime measurements were
averaged to a single nighttime value for both yeaee (text). Vertical bars are standard
deviations. (b). Lightesponse @) analysis for MPB06 daytime NEP measurements made
during the same period. Maximum assimilation ralg.f), quantum yield ) and daytime
respiration Ry), were 9.8 pmom?s?, 0.05 and 3.93 pmah?s® for 2006 and 8.6 pmah™ s?,

0.01 and 1.7 pmah? s* for 2007.

2.3.3 Diurnal courses of monthly ensembiaveraged NEP in beetlattacked stands

The diurnal courses of monthly ensembleraged halhour values of NEP are compared
Fig. 24 for MPB-06 and Fig.25 for MPB-03. For January to March and November to
December, average NEP values for 2007 and 2008-@&52 and-0.42 umol n s*at MPB-06
and-0.41 and-0.35 umol n s* at MPB-03, respectively. These wintertime raté<C loss were

similar to the value of ~0.45 umol frs* measured during February in a boreal aspen stand in
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Saskatchewan, Canada (Blastkal. 1996) where, like these sit€g, remained at abou0.5 °C,
despite the low values df. Despite the widespad mortality caused by the beetle, total NEP
during the growing season (M&eptember) was positive at both sites in both years (12 and 52 g
C m? at MPB-06 and 17 and 68 g Cfrat MPB-03 in 2007 and 2008, respectively). At MPB

06, daytime maximum hatiourly NEP values were significantly higher in June and July 2008,
reaching 5 pmol M stin July. During the other growing season months, NEP was more similar
between years. During the nighttime, C losses reached a maximum in July whaouniglf
valuesof ~3 pmol m? s* were observed. At MPB3, daytime hathourly values of NEP were
significantly higher in 2008, reaching a maximum of ~6 pumef st in July, August and
September. The highest nighttime Hadfurly C losses were between 3.5 pmol n? s*in July

and August 2007 and 2008.
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Figure 2.4. The diurnal patterns of monthly ensemaleraged halhour values of NEP for

MPB-06 for 2007 and 2008. Values in panels are NEP in g°®en month or for November to
March.
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Figure2.5. Same as Fig .4, except for MPBE)3.

Growing season monthly maximum values Afa, UandRy for MPB-06 and MPB03
are shown in Figs2.6 and2.7, respegvely. At both sites values of all three parameters were
generally higher in 2008. At MPB6, Anaxincreased from 4 5 pmol nmi? s*in May to 9- 10
umol m? stin September, whil&)andRytended to be highest in July and August. At MPB
Anmaxin 2007 reached its maximum value in July, while in 2008 the maximum was in September.
In both yeardJandRywere highest in June and July.

Using the MichaelisMenten light response relationship, (equation 1) we found@hat

explained between 26 and 48% the variation in hathourly NEP values at MPB6, and
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