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ARSTRACT

In order to examine dissclwed organic mmatter (DOK) fuxes in seasonal wetland systerns
that expand and contract seasonally, a time-variable model of dissalved organic cart<n
(CoiZ) was developed for a seasonal flecdplain in the Ckavango Celta of Botswana. The
medel simulates DOC concentrations from March 2001 to November 2002, during which
time DOC concentraticns varied batween 8 and 21mgCL-2. The model uses a continuously
stirrad tank reactor (C5TR) approach to describe the hydrologic and bicgeochemical contrals
on DS leached from litter within the flocdplain an d transported into the lecdplain from
upstream. [n 2002, = firs bumiad the fAsad plain and 1280 litterwas srsilsbls for leaching than
in 2001, The model was driven by observations of discharge, waker temparaturs, apstream
DOC conce ntrations, and D3 leaching rates from leaching experiments. Laaching exper-
ments with sadges and grasses indicated that on average 23 mgDoC g1 were leached during
the first dazrof wettng snd 0.6 mg Do g ! d-! wers contimaouslyleached afterward s, Leach-
ing experiments alzo showed & decreasad amount of DOC released from bumed Litter and
zoils than from wnburmed litter and scils. Atwa-pool fitst-orderdecay miodel that represents
both rapidly (0.14d-t (at 22+C)) and slewly (0,045 d-1) decaying pools of DO provided the
best representztion of obsarved pattems in DiDC comcentration in 2001, The decay rate of
the first poal decreased by nearly h alfin 2002, when an estimated 78% of litter was remewad
by fire.

Upstreaon DOC transportints the fleed plain was the dominant source of DCC [raprasent-
ing approsdmatedy 705 and F55% of the DOC inputin 2001 and 2002, respactively), followead
by o lea<hing from Litter and DOC originating from microbial sources, In 2001, decompe-
sition {representing approximately 35% of the DOC loss), cutflow to an adjacent foodplain
(@) and infiltration (28%) wers the major rTemcoval mechanizms for DOM from the stody
floodplain. The large ammount of DOC transported by infiltraticon implies storage of DOC in the
subsurface, which may influsnce subsurface hateratrophic activity, n light of future climats
change anticipated for the region, = scenaric using a 2°C incTeas< in swerage water temp er-
ature and 16% re duction in wpstream 0OC mass was performed and resultad in significant
{11%]) reduction in annual DC mass within the study flocdplain.
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1. Introduction

Diszolved organic matter ((OM) plays many roles in aguatic

— .. ecogystemns, including providing an eme source for het-
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surfacs waters witha largs seasmnal changss in flowr, the hydro-
logic cyele dominates organic material fluzes. Junk et al {1925
showed that flooding events in the Amazon and Mississippi
Rivers pulsed DOM and nutrisrts inte the water cohmrr In
studice of permonent wetlards, such e the Everglades in
Florids, 1T8A, DOMransport was also fourd to be contolled by
hydrologic processes (Moustata and Harmrck, 2000, Qualls snd
Richardsom, 2002). With respsct to s=asonal surface waters,

studice have modnby examined DOR fluxe: in intermittert and
ephemeral rivers (ones et al, 1995, Jacobson 2t al., 20000, Cur
understanding of DOM fluxesin ssasonal wetlands, in partic-
ular, is limited {Cfu et al, 2002, Because seasonal wetlands
suprpoil dliverse Lieta aond can be ipcpss el sowess ol polable
water, especially in ard regions of the world, undsrstand-
ing the drivers of bogecchemical cyclingin these systems is
important.

Lon adaditieon e Inedeedogi conliols o Us Larespoal ol Diokd
in s=asinal flocdplains, the amount of DOM that is introduced
to the water colurmn from leaching of the terrestrial cornpart-
ment jvia microbial processicg and abictic release) s also a
funcricn of the OM content of the soll, the amount and type
of detrtus on the soil surface, and ternperature (Karlsson et
al., 2005). Petersenand Curnanins {1974) found thatafterleaves
entersd astrearn, l2aching was responsible for between 10 and
2% of the initial dry mass loss within the first few days. In
the case of wetland litter, Pinnay et al. (2000} opsrated wetland
micracysrns with bydraulicresidence tirnes of 1.6 4 days and
found that 5-8% of the cattail fragments added were leached
a5 disselved CTFar.e carton (LUC) durng that time, ' Connell
et al. 20004 descrized leaching rates for soil, oak stems, and
oak lesves and found that scil leached a negligible fraction of
DOC relative to lesves.

The mechanisms for DOM degradstion inchids het-
erotrophic uptaks by aercbiz and anastobic bacteria and
degradaton by UV light. Incnbations of DOM derived from
algas (Eragh and Sendergaard, 2004}, forest vegetation (Kalbitz
et al, 203), Typha wetland plant material (Pinney et al., 2000),
and scdls ((ualls snd Haines, 1592, Ealbitz et al., 2002 revealed
the presence of two distinctly different pools of DOM, a labile
pool with DOC decsy rates as high as 0.2d-' [Emgh and
Sondergaard, 2004) and a realcitrant peol with DOC decay
rates up to three srders of magnitude lower than the labile
DOM pool (Ealbitzet al., 2003) Inadditdon to the dependence
on DM quality, DOC decay retes are knoam to incrsase with
increasing ternperature (Grieve, 1991).

The combinsd nfluences of flushing, '=aching, and decay
on DO can be exsmminsd by using coupled  hydrologic-
biggeochemical models to sirmlate pattems of changing
DOC concentrations observed in natural systemns. Temporal
changes in DOC concertrations have been exsminsd for an
alpine stream (Hombergsr et al., 1994; Boyer et al., 20000 and
in highlatituds headwater strzams with groundwater and lit-
terfall as major sources of DOC (Kadsson et al., 2008 using a
wansport model, which included a cortimously stirred tank
reactor (CETR) medel. In the examination of wetlands, this
type ofnass balancs approach was used by Finney et al. (2000
to model the leacking and decay of DOC through constructed
wetlands receiving lagoon-treated wastewater and by Wang
and Mitsch (2000 b2 mods] phosphorus dynamics, including
inputs from bicmess, in constructsd wetlands. To the best of

our kmowladgs, no dms-warasble modsl cdsta that quantifise
changes in DOC in ephermnsral water bodies. Seasonal wetlands
may differ from constructed wetlands or streams in that they
expand ard contract seasonally, with pericds of no flooding
that allow for plant grewth and sencseence. Bitensive arcal
expansion of wetlands is especially mportantbecanseitinflu-
ences the armournt of foodplain liter available for leaching as
well s primary productivity in the system, generally reported
ora per arca basis.

The Okavango Delta of Botzwana (Fig. 1) iza large wetand,
consisting of permmaneritly and seasonally flooded zones, the
latter of which are representative of seasonal wetlands ir. arid
regivans, Tl Della is dee oo of Qe enildoreic Chavango
River and containg mary seasonal floodplaine and charmsls.
Both the DOM dymamics and bydrology of the Okavango
D=lta have been studied extensively Large scale (Gisske, 1997,
T lay aend Ellery, 1998, Baust el al, ZDCIE-) anx] Queslplain-
specific (Famberg et al, 2006, Wolski and Savendje, 200%)
studies provide detailed descriptons of annaal flecding and
other hydrologic processss ocouring in the Jkavangoe Delta.
The fAccdplans and charmels of the Seasonsl Swamp (F1Z. 1)
A1l arrmally, when a slow-moving flood irardates the Delta,
depositing sediment end transporting dissolved constituents,
including DOM, from upstream. Cronbsrg <t al. (1998) per-
formed & detatled spadsl characterization of water cherristy
in channsk and floodplains of theDelta that showed DO Coon-
centratiors to be highly variable in seasonaly flooded areas.
Mladenoy 2t al. (2005) examined tempaoral veriability in DOM
soUTces 1IN & smnall sessonal toodplan in the Ssasonal Swamp
and found the highest DOC coneentrations occurred during
the rising imb of the aromal flood.

Curing the annual flood, TOM is mobilized from agquatic
wvegstation in the Pemmanent Swamp and from terrestrial
stores within the seasonal floodplains and transported firther
dowmmetresm (Mladenoy et al, 2005). Characterization of DO
by absorbance and flnorescence analyses confirmed greater
inputs of plant-derived DOM in a seasonal fleodplain during
the dry seazen (which coincides with the anmual flood) than
in the rainy season (Mladenoy etal, 2005). The contribarions
fromn plan:-derived DO were highsst during the rising imb
and pesk lood periods (typically from Juns through Seprem-
ber) (Mladenov et al, 2005). Muray-Hudson (unpublished)
found grester arnounts of plant rmaterial availakle for leaching

pre-flood 1025 g~ dead plant material in 2003) than sost-
flood (165 gm~—2 of desd material present after the 3003 flood),
indicating a large post-flood loss (=B09%) of senescent material
to free-floating particnlate organiz matter (POM) and DO,

Curing flood recession the DOM pool becomes incress-
ingly domnated by microbial soarces, such sz algal sxdates
and bactenal products (Mladenov et al., 2005, The main pro-
cesges responsible for the remosal of DOM are degradation
(by bactera and UV idght) and bydrolegic processes, which
act to move DOM to dewnstres surface water bodies and
into the subswrface. The high permeabilities of pred orninanthy
sandy floodplain scilsresultin a direct hydraulic link betsreen
surface water and floxdplain aroandwater. Further, the high
evaporanspirative dernand of ayland wegetation induces
strong, pemanent lataral groundsater flows from floodplains
towards drylands, contributing te logses of mrface watzr as
the floed moves dowrstresmm
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Fig. 1 - Map showing features of the study site, including the Boro channel, flune, study floodplain, and adjscent fleodplain
which received spillower fromn the study fleodplain in 2001, Hatched lines denote approximate areas of flooding in 2002 and
white areas denote approximate areas of flooding in 2001, Inset shows Ohavange Delta and Botswana, and the study site is

indicated with an arrow.

The dorninance of infiltration and lateral transport of sur-
face water with wirtual lack of groundwater discharge to
surface water in this systern allows for a sitmpls representa-
tonof floodplain DOM processes (Fig. 2) because groundwater
sowurces of DOM can be neglected. Examinstion of DOM fluxes
in a typical seasonal floodplain of the Okavangs Delta is fur-
ther simplified because the sources of DOM during flooding are
gensrally limited to upstream contributions, leaching of litter
fromn within the floodplain, and autctrophic production. Also,
the srrmal flocd arrives during the dry season, when rains are
rare, restricting DIOM contibutions from surface runaff

The dry season is alse a focal period for fire in sub-Ssharan
Africa, inchuding the Okavangs Delta (Heinl et al., 2007). Butz =t
al. (2004} and Heinl et al. (2006) found that bumed flocdplains
of the Okavange Delta experienced a reduction of approx-
mately 78% in dry litter over unbumed floodplaing. The study
floodplain baned in May 2002, and we hypothesize that fire
altersd the biological and chernical quality of DOM leached
fromn the burmed flocdplain litter. The decsy rates for DOGC from
tumesd sources hawe not been stadied. However, it is known
that buming can change the stuctwral propertss of hurnic

and fulvic acids in DOC (Fritze et al, 1998) and can produce
forms of C that are highly resistant to biclegical degradation
{Gonzalez-Perez et al, 2004). For exarnple, Fritze 2t al (1998)
showed that DOM extractsd from barned hurmms significsrily
raducsd microbial respiration.

The main objective of this research was to quantify the
mnagnitude and temporal variation of fluxes of DOM into and
out of a ssasonal wetland in the Ckavango Delta. We devel-
oped a simple time-variable model {Fig. 2 to represent the
dorninant hydrologic and biogeochermnical controls on DO
in a ssasonal floodplain with and without buming. To est-
mngte leaching rates from bumed and wnbwmned vegetation
in our maodel, we performmed leaching sxpenments on bumed
and unbumed litter and s0il from the Okavangs Delta. Then
we couplad a hydrologic mods]l (Wolski and Savendje, 2005)
with a bicgeschernical model of DOC for the study Aoodplain
described sbove, which incorporates experimentally deter-
minsd rates of leaching by dorminant floodplain plant litter,
estimated POM standing stocks, messwred autotrophic pro-
duction in the water column, snd messwed DOC loadings
from upstream. The rnodel was calibrated with observed DOC
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Fig. 2 - Schematic of the floodplain DOC model, showing processes and DOC imports and experts (drcles).

concertrations in the study flocdplain from March 2001 to
Movernber 2002, We conclude that a sitple model of DOC
leaching and first-order DOC decay, with teo DOC pocls of dif-
fering quality, captured the obeerved DIOC vanisation over the
2-year period. Model results ilnstrate the importancs of infil-
tration on DOC remcval from the flocdplain and of bumed
litter quality on DOC decay rates.

2. Site description

The Okavangs Delta is & largs, low-gradisnt wetland in north-
western Botswana. The Pemmanert Swamp region represents
about 34% jor 3500kanY) of the arsa of the Ckavangs Delta
[Murmray-Hudson et al, 2006) and is permanently flooded and
characterized by the sedgs, Cyperus papyrus and other obligate
aquatic plant species. The Seasonal Swarmp region represents
the remaining §5% jor 6800km?) of the area of the Okavango
Delta (Muwrray-Hudson =t al, 2006) An srowal flocd inun-
dates the Delta during the dry season, from approximately
April through September, and it is these floodwaters that sup-
ply flocdplains of the Seasonal Swamp with mest of their
water for the year. In addition to the annual flood event, the
Delta receives approximatealy 460 mmy=ar?! of rainfall dur-
ing the rainy season from Novernber to March (Wolski and
Savenije, 2006}, Evapomanspiration removes approximately
1800 mm year—! of water (Wolsk and Savenije, 2006). Detailed
descriptions of the hydrology of the Ckavangs Delta sre found
in Bauer =t al. (2006}, Water floww dwring the arrmal flood is
predominantly overland.

2.1.  Floodplain hydrology in 2001 and 2002
The field ressarch presentsd here was conducted st a sea-

sonal fleedplain, referred to as the “study flecdplain,” located
inthe Seasonal Swamp near the Mxaraga site on the Boro River

(Fig. 1), which is representative of s2asonal floodplains in the
[izlta. It has been a site of ecological monitoring by the Haroy
Cppenhsimer Okavango Ressarch Centre (HOORC) since 1995,
With a maximum flesded area of approximately 300,000m?
in 2001 and 200,000m® in 2002, the study flocdplain has one
swrface water inflow atthe flume [Fig 1), a small outflow to an
adjacent flocdplain (that was active only in 2001), and ssepage
to the groundwater (infiltration). Subswiace flow is from the
fleodplains towsard the neighboring dry lands (termed islands)
and iz driven by high evapotranspiration by island vegetation.
This forms a cone of depression bensath the islands, where
solutes becomne concentrated and groundwater is most saline.

During the modsling period of 2001 and 2002, the flood
arrived at the fleadplain in the beginning of June. The data
shownin Fig 3 are taken from a hydrologic model of the study
floodplain was developed by Wilskd and Savenije (2006) that is
used to drive the DOC biogecchernical model of this study (see
Section 3.3.1). Fig. 3A shows that the water level, inflow rate,
and flocded area of the fleodplain, peaked inmid-Taly. Cutflos
to the adjacent floodplain, which is controlled by a topo-
graphic threshold, ocourred only during huly-Mosvember 2001
(Fig. 24). Inflow to the floodplain displayed differsnt dymarm-
ice than water levels, Inflow incressed strongly at flood onsst
and declined rapidly after the flood had reached its peak. This
resmlts from inflow being cortrolled by upstresmm infloation
and groundwater flow, which daclins as the available ground-
water storage fills up (Fig. 3B). These pattems can be se=n in
comparnisons of infiltration (modeled) and inflow (measursd)
rates shown in Fig, 34 and B

2.2, DOM in the study floodplain in 2001 and 2002

As floodwaters spread across the Delta along various flow
paths, the water mmobilized organic matter from agquatic
macToplytes, terrestrial plant litter, and soils, and this plart-
derived DOM dorninated the DIOC pocl (Mladenow et al., 20083
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Fig. 3 - Tempeml changes in (A) discharge (inflow and
outflow) rates and water level and (B) infiltration and
evapotranspiration rates from the hydrologic model of
Wiolski and Savenije (2006). In 2001, high flooding caused
spillover into the adjacent floodplain to the east.

and resulted in sn increase in DOC concentrations with the
rising limb of the flood (Fig. 44). Analyses of fluorescence,
absorbance, and chlorophyll @ in the study floodplain in 2001
and 2002 (Mladenowv et al., 2005) show that DOM derived from
aquatic and terrestrial plants dominated the DOM pool, esps-
cially during the fleed. High specific UV absorbance (SUVA),
ranging from 0.02 to 0.03Lmg™?, and low fluorescence index
(FTy values, ranging from 138 to 145 [Fig. 4B), during the flood
period indicate dominance by plant-derived sources of DOM,
in the wetland (Mladenov et al., 2005). Additional contribu-
tons from algal and bacterial sources ooourred both during
and after the flood period. Hoberg et al 2002) found that,
during the flood, primary production (FP) ranged from 006 to
0.26g Cm? d-! and chlorophyll a concentrations rangsd from
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Fig. 4 - Tempeml changes in (A) DOC concentrations
(circles) and stage [dotted line) and (B) fluorescence index
(diameonds) at the flume. Solid lines indicate the time of
peak floed and fire (source: Mladenow et al., 2005).

L to 25 pgl-! in the study floodplain in 1992, Mladenoy =t al.
{2005) found chlorophyll @ concentrations also ranging from
5 to 20pugl~* at the flums entrance to the study floodplain
during and after the flood of 2001,

Vegetationn of the study fleodplain was dominstsd by
emergent grasses and sedges, with a small proportion of
floating-leaved and submerged aquatics in the topograph-
ically lowest portions. The smergent wegetation showed a
well-defined zonation with slope (Bonyongoe et al., 2000). The
sadges C. arctculatus and Schoenoplectus corymbosus dorninstsd
the lowest portions. The intermediate zone was domninstsd by
Pamicum repens, & highly nutriious persnnial grass. The zone
closest to the dryland-floodplain boundary was a cormrm-
nity dominatsd by the grasses Setaria sphacelata and Eragroatis
namoena.

2.3 Effects of 2002 fire on DOM sources

In eady Juns 2002 large smounts of charred detritus wers
obgerved in the water column after the fire and high SUVA
values (over 0.03Lmg—! measured at 280nm; Mladenov et
al.,, 2005 wers messwed in the study floodplain. As TV
absorbance is & measure of aromatic carbons in a water
sample and fire tends to create aromatic carbon rings, the
high SUVA messuremnents implisd that bumed organic
matter remnaining after fire was flushed into the floodplain
by floodwatars, The fire affectad appresdmately 270,000
of rivering and floodplain zones upstream of the stdy
floodplain (Heinl et al, 2006), which represent some of the
upstresmn DOC source areas for the study floodplain. As a
result, DOC concentrations on4 June 2002 were approxim ataly
X mgCLt higher than bassline concentrations throughout
2001 and 2202 and 16mg CL-t higherthan the 2001 peak DOC
concentrations (Fig. 44).

3. Methods
3.1 Field methods

Fizld sampling techniquss and laboratory procedures are
describad in detail in Mladenoy et al. (2005). DOC concentra-
tions of filkered and acidified suarface water samples, collected
frorn the study flecdplain and flume on March 2001 to Movermn-
ber 2002, were measured at the University of Colorado using a
Shirnadzu TOC B050 Total Organic Carbon Analyzer

3.2, DOC leaching experiments

Leaching experiments were performed in riplicate on sam-
ples ofmined senescent grasses and sedges (Setaria sphacelata,
C. articubatus, F repens, and E. inamoend), referred to as “litter” or
“PiOM standing stock,” and in duplicate for unburmed sodl sam-
ples{from the top & cm). Dus to insufficient stnounts of amesd
litter and burmed soil samples, no replicate leaching experi-
ments were conducted on those samples. Soil and wegetation
samples were collscted from the bumed study flocdplain or a
neighboring unturmed floodplain in 2002, Sarmples were drisd
gt 100=C for 48h and then weighed., Approxmately 15g of
dried litter samples were leached with 600mL of DI water



136 ECOLOSICAL MODELLING 205 [2oo7)

t&1-155

in coversd vessels at rocmn temperature (22°C) for approxd-
mately 100h. To quantify potental leaching from floedplain
soils, IR0 ol of DI water were addsd to vessels containing soil
and leached for three to 15 days.

Bewsuza the aim of our leachingexperiments was to deter-
mine D0C release under natural conditions, and not to inhibdt
the amourt of DOC released dwring leaching, no microbial
growth inhibitors or bactericides/fimgicides were added to the
vessels, Baldwin (1999) showed thatleachats experiments that
used microbial growthinhibitors displaved only abiotic release
of DO and that leachates with no inhibitors had s greater
release of DO,

For each leaching interval, 20-50mL of leachste was
rermnoved from the weesels for DOC analysis and replaced with
an equal woelume of DI water to reproduce the continuous
arrivel of new, less organic-rich water into flocdplain areas.
Resuling DOC concentrations wers corrected for this dilution
effect by the following equation:

Viotal + ¥Vramoved

oo — Tmomsured .
Vigtal

1y
where Ceon 18 the DOC concentration comrected for dilation,
Crnaasered the measured DOC concentration before correction,
Visea] the total wolume of DI water that the plart litter or soil
was leached with (S00mL for litter and 350mL for scil), and
Vremored 18 the volume that wras both remnoved and replaced as
DIwsber (30-50ml). Subssquently, DOC concentrations were
normalized to both the initial dry mass (DM) of litter and

volume of solution to provide a meeasurernent of DO mass
leached (Mgl gt LK)

3.3, Model development

231,  Floodplain hydrology

The floedplain is represented by a CATR of tirme-varying wvol-
urmne, with one inlet (swrface water inflow at the floodplain
inlet), and two cutlets joutflow to an adjacent flocdplain in
20001, and an outflow via infiltration). The hydrologic mmodel

described in Wolski snd Savenile (2005) provided wvalues
nseded to dnve the bogecchermez] LU model, namely vol-

urne and srea of the study floodplain, flow ko the adjacent
flodplain, and infiltration (Fig. 3). For clanity, the hydrologic
mzdel is briefly reviewed hers

The water balancs for the floodplain is derived from:

%-an—E—J—Qadj- 2)

The hydrologic meodel of Wolsk and Savenije (2006 uses
an Euler methaod to solve Eq. (2) as folloars:

Va1 m Vit Qi dt — Bedt —Te dt — Qg dt, (3)

where Vi is the volurme [maj in the floodplain st time t+1,
Vy the volume {n®) &t time t, Qin the discharge into the flood-
plain through the flume jof h-1), E, the evaporation rats from
floodad arsa m® h-t), & the infiltration m h=1), and Qg is the
cutflow into the adjacent floodplan {m® h-1). Qi and water
levels at the flume, located at the floodplain inlet (Fig. 2),

were maasnTad weaakly for the antre perind analyzad hers

Specifically, Vi was detenmined by calculating the inundatsd
ar=a (Ay) from a GIS digital elevation map of the floodplain
gt flume water levels comesponding to ach time step The
madel (Wolski and Savendiz, 2006) was calibrated so thet the
measirad inflow to the flosdplain was balanced by evapora-
tion and infiltraton, and the modelsd groundwater belavior
in a network of piezometer: correspondad to the obssrred one.
Infikration in the model wes dependent on the depth ofaera-
tion zone at the flood onset, snd subssquently on the lateral
groundwater flow from floedplain towards the sumrounding
drylands. Since the flow inte the adjacert flocdplain connring
dwring peak flood of 2001 was not measured, it was calou-
lated sz residusl flux from messured inflow, evaporation from
fleoded area and model-derived infiltration

2,22, Time-variable DOC model description
The basic componsnts of the DOC model are illustratsd in
Fig. 2 and state variables, forcing functons, snd parameters
found by calibration are listed in Table 1. The model simula-
tions were run from 22 Mawch 2001 2 months befors the start
of the 2001 flocd period) to 20 Movernber 2002 {when data col-
lection ended)). The modelhas two distinet flood periods, from
approximately 17 May to 30 Septemnber 2001 and from sporax-
imately 20 May to 30 September 2002, A tme step dt of 1hwas
used to improve resolutionand minimize numerical artdfacts.
To cornpars with other studies, rates are reported here a: “per
day” instead of “per hour™

Inherent in the C3TR medel is the assumption thet the

floodplain is a completely mixed reactor with DOC concen-
tratioma camsistant thromghont et Mladsno (W04) nbesrinsd

that DOC concentrations at the floodplain edge and center
varied by as much as 2mgl-!, indicating that the system is
not & tuly mixed reactor. Mevertheless, this assumption is
necessary for modsl sirnplifcsation.

The basic mass balance equations used to caloulate change
in the smount of DOC in the floodplain, dM, during the tirme
interval dt are given beloar

M = Wi + Wennt + Wigse + Wpp — We — W) — Wi, 4
dxa . .
T-':'in i + MeognpA+Mipge dA + MppA — o — oy — ApoctV,
i
=)

and terrns are defined as follows:

« Wi (g, inflowing DOC from upstresmm—caloulated as the
product of DOC concentration measursd at the flume, o,
{gm~?), flowrate measured at the flume, Gy (m®d-Y), and
time, &

o Weone (g, DOC  fromn  contitmous  leaching  of
detritns—ealoulatsd as the product of the experinen-
tally determined contimious flux of DOC from detritus,
Meent (g4~ m=?), and floodplain area, A (m®) from Wolski
and Savenije (2006), and time, t.

o Winee (2, DOC  from  instantsnecus  leaching  of
detritns—ealoulatsd as the product of the experinen-
tally detenmined instartansous fux of DOC from detritus,
Mgt (2d- =), the newly wetted floodplain area, dA (m?),
and time, &
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Table 1 - State variables, orcing fimetions and parameters used in floodplain DOC modal

Stote varobles, farcing furctions and porometers Unite Sourcs Walue
State varisbles
POM, ar=al POM sianding steck gDMm™* Imitial valhue estimated from 1025 = start of each floed
fi=1d measurEmencs SEESOT
Wirat, DOC mass instantanesusly released from POC LM Described m Section 23.2 Varies
Weeni, [OC mass continuously releazei from POC LM Described n Saction 2.3.2 Varies
Woind, DOC from microbial sources g DM Described n Saction 2.3.2 Varies
Farcing fimctions
G, discharge at flume m’ 4! Wiolskd anc Sanrenije, 2006 1432 at =
(.5, export to adjicent Acodplain o d-? Wkl anc Savenije 2006] Varies
Qe mxport vin indration md d-1 Wkl anc Sanvenije 2006 Varies
T, water temperatine i Messared :nthe feld 3.7 ateml
Cin, DOC comoentmtion at Aume gm" Messared :nthe feld ME=ti=l
Paramet=:z
A, areaof flecdpliin m? Yokl anc Sanrenije 2006) Varies
Vi, vohame of fleodplain m’ Yokl anc Sanrenije 2006) T1E07 3t t =i
Gy, flocdplaln D00 concaTTmion gm ? Measured mthe Aeld 4. Barcmi
Lpa, decay rat= of POM d-1 Feund by mlibration in year 1 0055
Liras, inetantanscus rate of LOC rel=ass from POC gCg 'OMat Experirmentally deriv=d 0023
Lecas, contirmous mte of DOC rel=ase from POC RO DAt Experimentalhy deriv=d 00005
Mo Comitinuous ar=al flur of DOC microbial mass gm 4! Estimated from field 016
measurerrents {(Hoberg et al,,
1002)
Apoot, decay rate of DOs posl 1 a’ Found by @ilbratlon in year 1 0.14
Lpom, d=cay mate of DOC pocl 2 d? Feund by mlibration in year 1 0045
Lpoctf, cecay mte of [OC peol 1 durning a firs yeas d? Feund by mlibration in year 2 00BS
A, cxcay mate of DOC peol 2 during a firs veas d-1 Feund by alibration o year 2 00&7

o Wip (@, DOC from primary production—cealoulated as the
pro<huct of primary productivity (from the literature), Mpp
{gd-tm=3), loodplain arsa, A (m?) from Wolski and Sevenije
{2005, end tme, ¢

o Wog (@), emport of DOC to the adjacent

floodplsin—calenlated as the product of DOC concen-

traticn n the tleodplain, ¢ (gme*), model-denved outtlow

flovw rate, Qggp (md-!) Fom Wolskd and Savenije (2008,

and time, b

WE (@), export of DD by mnltrsbon—cakulated as the

product of DOC concentration in the foodalain, ¢ (gm=),

model-derived infiltratior. rate, [ {n®d-1) fiom Wolski and

Sawverni]s (2005, snd dms, T

* Wage (g, loss of DOC from decomposition—ealoulated as
the product of DiBZ concentration in the floodplain,

(e ), aneasured Qossdpiain volume, V™) Qo Wolshi
and Savenije (2006), first-arder DOC decay rate, ipge (A=Y,
and time, &

L]

The decay rate of DOC fpee) wes adjustsd according to
water temperatures recordsd in the flocdplein from March
20001 to Decernber 2002, according to the followring expression
(efter Chapra, 1997 for BOD decormnpesition:

hooe = LTI (&)

where T i3 the water ternpsrature snd iy the decay mate at
resm temnperaturs, Ty, or 2200, Itwas assamed that the decay
rate encompasses degradation from microbialacivity snd TV
light. Loss of DOC to coagrlation was not considersd hers,

This smdy did rot determmmins DOC decomposition experimen-
tally Instead, decay rates fromn the literamars wers usad for

the imitial run snd then optimized during subsequent stages
ot mocel calibrafion (ses Secthion 4.3.4).

An Euler's forarard difference spproach was used to calou-
late flecodplain 20C mass in each tme step, according to the
tollowing equatorn:

Meyy = Ve +cinllin 2 + MeontAe t + Minst(Acs1 — Agdt
+Mpptie dt — ode dt — ceQyy) dt — Apeeeve dt o}

where the initial concentration o and initial wlume W
were the sverage DOC concentration in the floodplain and
measwed floodplain vohime on 22 March 2000, respectively
{Table 1). The concentration in subsequen: time steps, op,;, is
represented by dividing My from Eq. (7) by Ve (Wolski and
Saveriis, 2006).

Ths continuaus flux of DOC from detrius, Moo, is given
by

Meent = LogniP' 08, (£}

where Lt I8 the cordirmous  leaching  ratz
{aDOCe *POMA™Y determined from our leaching sxper
iment and POK iz the empirically measured areal dry mass
contert (gdry massm~—% of scdl or vegetation. Besed upon
fisld cbservations, each square meter of floodplain was
estimated to have approxmstsly 1025g of litter prior to
flood Mwray-Eudson, tnpublisked; Table 1), and this valuz
represerits POM at the start of the flood pericd.
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The instantaneous flux of DIOC from detritas, Mg, is given
by

Mingt = Linge POM, (=

where Ljpn i3 the instantansouz lsaching rmate
[gD0OCg 1 POMA-Y) detenminsd from ocur leaching exper-
imert. Whereas My, contributes to the equation only in
the first time step during which a parcel of land becomes
wetted, Moo is contnuonzly leachsd into solution while the
fleadplain area remains inundated.

Murray-Hudsorn [unpublished) measurad that
1005 g POMm— was svailabls inthe study floodplain prior to
fled and that approxdmately 200 of the POM standing stock
remained in the fleodplain after fleod. The decormnpositdon
of litter by leaching, invertebrate activity, and microbial
decormposition (Apom) was assumed to take the form of first
order exponential decay as follows:

rpon [C) = Ape'T, (10}

The value of the POM decay rate, k (0L 148) was taken from
Richardscm et al. (2004) for leaf decomposition in a temperate
rainforast stresm. The decay coeficdent, Ag, was calibrated so
that the smount of POC remaining the floodplain was 200
of the initial 1025 gPOMm-? by 30 Septernber 2001 [Fig. &).
Becsuse of a lack of data on coarse, fine, and ultra-fine partic-
ulate matter, POM was not partitionad into ite size fractions.
FOM comtributions from upstresmn (as inputs of suspended
particles) were alzo not knoam and were assumsd to be nag-
ligitde.

333, Sources of DOC for model

Sources of DOM wers affected by flood and non-flood pericds
and by floodplain burning. Dharing the 2002 flood and post-
flood periods, the average POM standing stock was reduced
because the study flecdplain experieanced buming prior to the
flood (Fig. 6). A 78% reduction in svailable litter was applied to
the arnount of availabls POM standing stock from 20 May to 20
Meovember 2002 because Heinl et al. (2006) and Rutz et al. {2004)
found that bumed floodplains experienced a 78% raductionin
dry litter osver unbumed floodplains.

In addition to upstream DOM sowrces and instantansous
and contnuous litter leaching sources, the total micro-
bial contribution to the DOM pool, Mpeep, Was taken to
be the net prmary productivity (FF) rate for the study
flocdplain, or (L16gd- m-? Hoberg et al, 2002) (Table 1.
Although FP s likely to vary seasonally in a system such
as this, long-tenmn measurements of FP wers not availsble
and the FF rate was assumed to be constant under all flood-
plain conditions (fire, fleod) and seasons. Also, DOM is an
important, if not dominant, energy source for heterotrophic
bacteria and, therefore, bacterial DOM sources are also
likely to vary seasonally. However, the rates of DOM uptake
were not measwrsd and not included as feedbacks to the
mzdel

Sormne amount of DOM may derive from wet and dry atmo-
spheric deposition, potentially generated by firss elsewhere in
the region, but deposition measurements were not availsble
for this study and this source was not incuded.

2.24.  Treatment of DOC decomposition
Bacause the decomposition of DOE by microbes and TV light
was not measured, the DOC model was developed in three
stages, with each subssquent stage providing more informa-
tion sbout DOC decompasition for the systern First, because
the wetland environment of this study is similar to that
studied by Pinney et al. {2000, we used their average decompo-
sition rate of QU067 d-? for DOC from the wetland plant, Tepha
capensis s a starting point for ninning the model {Table 1.
In order to obtain a simulation that was a better match with
the observed DOC data, the decay rate was optimized in subes-
quert stages of the model using a solver (with a maxirmim rr
tirne of 10003 and a maximum of 1000 iterations). This solver
was used to minimize the root msan squared srmor (BRSE)
betweean observed and simulated DOC concentrations for the
full length of the maodel (from March 2001 to December 2002).
In the second stage, the DOC decay rate was calibrated
in baoth years to optdmize DOC concentrations by minimizing
the BMSE for each year In Stage 3, a two-pool DOC model,
as described in Qualls and Haines (1992), was tested 1o see if
the EMSE could be further minimized. Also fluorescence data
measwr=d in Mladenov et al (2005 indicated differences in
LM quality before and after flocding that support the pres-
ence of two different pools of DOC, Lower flucrescence index
valuss and highsr DOC concentrations measured dwuring the
flood (Fig. 44) indicate that fresh plant litter was flushed into
the flocdplain during fleod. Therefore, flood periods may con-
tain DS of higher nutitional value for heterotrophs and may
be repressnted with arapidly d=caying pool of DOC, whils the
non-fleed pericds may be better described by a slowly decay-
ing DOC pool (Fig. 5. In the two-pool model of Stage 3, we
golwed for tare decay rates that minimized the RMSE betwesn
maodslad and measured DOC. Bacauss the transition in domi-
nance from pool 1 {deminant during the flood pericd) to pool
2 [dominsnt during the non-flocd pericd) is not expected to be
abrupt, we usad exponsntial increase and dacrsase to transi-
tion between pools after the flood period [Fig. 5). At all imes
both pools surn to 1009 and Eq. (7) can be written as

Mrp1 = Ve + Gnin A7+ MeontArd? + Mipgg(Ace 1 — Ag) dt
+Mpp de At — ool dt — 0Oy dE
— [ApociceVedt + ApccaceVe dt). {11y
When the floodplain was dry (during May 262), thers was
no DG in the water cohunn and, therefors, no decay. After

the arrival of new flocdwater inJune 2002, the rapidly decaying
pool was assumsd to dominate (Fig. 5).

100%

0% y
War-01 Jundl Sep-01 Dec-01

Flargd -3 Saple  Dec-02

Fig. & - Distribution of two poels of DOC. Rapidly decaying
pool dominates during flood periods and slowly decaying
pool dominates after flood. Both peols sum to 100%.
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4. Results
4.1.  DOC leaching from vegetation and soils

During leaching experimments, the highest release of DOC
ocowrrsd during the first 24 h (Fig 64) with 2-3% of the initisl
C instantaneously leached or “pulzed” as DOC (Table 2). This
rapid release was followed by a slower continuous releass of
DOC (Fig 64A). Based oninitial sand final measurernents from
the barned litter leaching experiment, we found that leaching
frornunbumed litter was slightly greater than from barned lit-
ter after 4days (Fig 64). Leaching rates of DOC fromn unbumed
soil were also greater than from burmed sodl (Fig. 8B). The con-
tnucus DOC leaching rate for unbuimesd soil was three crders
ofmagnitude lower than that forunburned plant litter (Fig. 6B).

For the tme-variabls DOC medel, we partitionad the rates
of leaching into the portion leached in the first day, of Ly,
and the porton leachsd continucusly while the litter was
immdated, Leert (Takle 1), After the initisl pulse, DOC con-
centrations increased logarithmically rather than linearly,
possibly due to some microbial activity in the leachate A
first-order exponental fit of the data produced a leaching
rate (7 x 10-*5-!) that was approximately double that deter-
mined in a study by O'Connell &t al. (2000 for leached l=aves
{33 10r% g=1), Because a linear rate was employed in the DOC
maodel, we svaliatsd the data using a linesr relationship
through the points to obtain Lot (Fig. 64). The DOC leach-
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Fig. 6 - DOC mass leached from (&) unbumed and bumed
litter (mixed sedges and grasses) and (B) unburned and
bumed soils in laboratory leaching experiments. Only
samples from initial (15 min) and final (4 days) leaching
were available for the burned litter experiment.

ing rate from tarned litter could not be determined bacause
of limited ternporal data from the experiment {Le. only initial
and final DOC concenmations were measurad). Therefore, the
model utilized the sams leaching rate for bumed litter as for
unbumesd litter. S¢il leaching was excluded from the mode]
because the rates were mmuch lower than from litber leaching.

4.2, Dissolved organic carbon flicces in 2001 and 2002

In the first stage of modsl development using a first-ordsr
decay rate from Pinney et al. (2000), DOC concentrations dur-
ing flocd were substantially cverpredicted, producing a RMSE
of modeled to observed data of 497 in 2001 and 2.54 in 2002,
Midel calibration to observed data in Stags 2 generated highsr
first-order decay rates of 0081 d-1 for 2001 and 0.0824-1 for
2002 (Fig. 84). This iteration o fthe modsl produced much lowsr
BMSE values for 20071 (2.40) and 2002 {0.86; Fig. BA). In the two-
pool model of Stage 3, model calibration resulted in a more
rapid decay rate for pool 1(0.144-Y) in 2001 and similar decay
rates for pool 2 in 2001 and 2002 (Fig. 8E). In 2002, the dscay
rate of pool 1 {0,085 4-1) was much lewer than in 2001, The use
of two pools significantly reduced the BMSE in 20071 from 2.40
to 0 B2 (Fig. BB), which is within 10% ofthe DOC concertrations
rmeasured during the full simulation

T cornpare results betasen 2000 and 2002, we restrict cal-
culations of total mass and % of DCC budgst in Table 2 to
similar periods for each year, namely from the first day of
flood to the last day of model simulation (17 May-20 Nevemn-
ber 2001 and 28 May—20 Movernber 2002). A plot of DOC sources
from the final stage of model dsvelopment (Fig 9A) shows that
DS comtributions frorn upstrearn, entering the floodplain via
the flume, were the dominant scurce of DOC to the floodplain
during the flood peried, representing 70% in 2001 and 75% in
202 (Table 2j. While the relative contribution of DOC from
upstresn sources is slightly greater in 2002 than in 2001, the
inflowing mass of DOC in 2002 is more than twice as low in
2002 than in 2001 [Takls 2). DOC from lsaching of plant litter
was more significant in 2001 than after the flocdplain bumesd
in 2002, The amount of DIOC pulsed in the first day of w=tting
was generally taro orders of magnitds smmaller than the dif-
fuse leaching (Table Z). In 2002, DOC from microbial sources
represented a greater proportion of total DOC inputs (Table ).
Microbial sowrces of DOC wers also slightly higher than con-
tributions from litter within the floodplain during non-flocd
periods (Fig. 9A).

The amount of DOC lost through decomposition processes
and via outflow to the adjacent flocdplain represented the
grzatest sinks of carbom in 2001 (Table 2). In 2002, the wol-
urns of the study floodplain was not enough to overflow into
the adiacent floodplain and infiltration dominatsd DG out-
puts, wansportng large amounts of DOM into the subsurface
(Table 2). The peak cutflow losslagged the peakinfiltrativeloss
by approxmsately on month (Fig. 9B).

4.3, Sensitivity analyses and scenarios

In crder to determine the sensityvity of the modsl to changes
in model parameters, a sensitivity analysis was performed by
adjusting one of the main state variables, forcing functions, or
pararneters, while keeping all other pararneters constant. An
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Table 2 - Contribution of input and output processes o total DOC budget in each year

Inpuyfoutput processes Percentags of DOC budget Taotal DOC mass (kg C) Areal DOC mass
[gm=*d-)
2001 2002 w01 2002
DOC inputs
Wi, Inflowr st fume 0 5 48908 20,5200 -
Wige, instantanecus leaching 03 0.7 135 1% ez
o flondplain litter
Wemi, contimicus leaching of 15 ) 12,552 1579 0.E2
feodplain litt=r
Wi era, MicTobial production 11 17 7,557 4,755 0.15
Total DOC inputs 100 100 70,212 7830 =
DOC autputs
Wiy, infiltration 28 E2 20,158 17 £36 =
Wi, decay 5 = 25,203 10,851 =
Wi, cutflow to adjacent flood- 5 a 25,265 a1 =
pain
Total DOC outputs 100 100 70,736 8 637 -

Paricds examined ware 16 May 2001 (it day of flood)] to 20 Movember 2001 and 28 May 2002 (first day of flocd) to 20 Movember 2002, Areal COC
mass values for Wing and Ween given & start of flood sesson, when maxmum CPOM is available [10253::.‘2).Gthﬂ wvahies ars not reported on
& per area basks [shown with a dash).

‘Table 3 - Sensitivity enalysis of a £+10% change in state variable, forcing fonction, or pammeter values

State variableforcing functon,/parameter

Orginal valus in

Percentage change in RMSE after

Stage 3 value chianged by 2100
Apoey 2001 [d-1) 0138 5-5%
Apac: 2001 (41} 0.08 4-5*
Jpacy in 2002 (d-1) 0.3 800
Jpoca in 2002 (d-1) 0.3 1
TCE Eange from 14 to 26 2023
L (£C gt CRPOM a1 0021 0
Leert [gCg~? CROM A 0,000 07
Mo g2 d-7) 0.15 17
M DOC mass loading at flume [gCd—) Varies 43-57
POM gCmY) 1025 07
A, decay cosfhicient of FOM {d-1) 0 0-2
Arncunt of POM standing stock remaining after fire (%) 22 a

% Charge in BMSE caused by a 10% dagease in valuss,

b The 10% increase and decremss wer=applied to tempemtures at =ach time step.

adjustnent of £10% was applisd te each parameter and the
resulting change in RM3E was reccrded (Table 3. Results of
the sensitivity analysis showed that the model was most san-
sitive 10 changes in DOC mass from upstream, with a change
of £ 107 increasing the EMSE by 49-57%. A 10% decresss in
DOC mass loading from upstream (Min) resulted in & reduc-
ton of between & and 7% of total DOC mass per vear. The
modelwas also sensitive to water temperaturs, with s change
of £10% increasing the EMEE by more than 209 (Table 2). A
10 increass in water temperaturss resulted in greater D
decorrposition and a 4% decreass in total DOC mass per year.
A gcerario run with both a 10% incrsase in temperatures and a
10 decreass in DOC mass loading from upstresm resulted in
an 11% decresss in total DIOC massin the study flocdplain in
20071, The mode] was least sensitive 1o changss in decay of pool
2in 2002, instantaneous leaching, the POM decay cosflicient,
and the amount of POM standing stock after fire (Table 2.

5. Discussion

51  DOCmass fiux due to leaching

Cur findings of an initial “pulse” of DO, followad by continu-
ous leaching of DOC fromn likter is consistent with the results
of Axmanova and Bulik {2005), who shewed that DOC relzase
fromn catkins of aldsr was highest in the first 2 days of decom-
position, with approxrmately 11% of the initial C leachsd as
LOC. Cur pulzed DOC rates for vegetation (0.023g 0Cg! diy
mass (DM)) werz slightly below the range of the CfConnell
et al (2000, where the mexdmum amount of DOC leachsd
fromn lesves was 0U045-0.084g0C g~ DM. At an sverags rate
of 0.6 mgDC gt DMd-L, the continucus DOC leaching rate
fromn mnixsd grasses and ssdges in this study was consis-
tent with the rates found for DOC release from leaves, which
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rmangsd framn 0026 w0 2 1A mgnne g- T d -1 {f Cemmall &t sl |
2000).

Insartanecus and contirmous DOC rates from the soil
leaching experimsnts (Table 1j were also consistert with those
af O ormsll st al P(‘-‘."-‘."(:. wha found thet sl lsached =
negligible fractior. of DOC relative to organic matter in leaf,
bark, or twig litter. Thess remlts are sl a functicn of the

limnited irmportance of soil porewaters in this low-gradient,
infiltrsticn-domninatsd floodplain. The study floodplain is =
“losing” system and our leaching experimsnts were designed
to reflect this condition. In cortrast to o results of negligi-
ble sodl DOC contributions, studies of rivers that diain scdls
and receive signifcant discherge from groundwater [Doyer =t
al, 1957, Karlsson et al, 2006) show greater DOC contibutions
frommn soils.

5.2, Dissolved organic catbon fluoes

By simmlating DOC concentrations in 4 seasonal floodplain,
this medel provices a new understanding of the dominant
processes for orgamic matter input and emoval in wetlands
that expand snd cntract ower tme This mode] advences the
approachss used in other DOM models, such as the model of

DOC decay in weland micrecssme with different hydraualic
residence times (Finney <t al, 20000, by focusing on a natural
seasoral wetland and using atirne-variable scope. Earlsson et
al. (2005) usad a similar, but more detailed approach in their
srudy of oral O D0, partioulate organic mater (F2), and
fine perticulate organic matter (FROM)) inheadwater strearmns,
bt were additionally equipped with & year of data for mmedel
validation.

Cme of the new approaches of this smudy that has not been
applisd in the othar modsling studiss mentionsd abaove is the
utilizadon of taro differently decaying pods of DOC ingirrmlat-
ing DG fluxes. Cur simmlations demonstrated that a neo-pool
maodel provided the best representaton of observed patterms
in DG concentration in the smdy floodplin The good fitof s
twro-ponl modelis consistent with the sessonality of the study
floodplain snd the potential formation of more recalcitrant
LM ever fime. Calibration of decay rates (so that the low-
est EMEE was produced) assigned the faster decaying pool to
the flosd season. This is expertad becauss irst-order decay is

a function of the DO mass n the system, and, therefore, a
higher decay rate poours when thers is 8 Jarger concentration
of DOC mass. It is also consgistent with the sssumprion that
labile portions of the leached DOM and DOM from vpetresm
and mricrobial sonrces are consumned preferentially, leaving
behind more recalcirant DOM towards the end of the flood
period and in stagnant water after the flood period. Simu-
lations using tao pools of DOC also may be worthwhile in
studies of DIOM decomposition in lotic systems, where sea-
sonal changss in D0M quality may be a unction of seasonal
changes in DOC sources, for example from groundwater flow
to litterfall (as in Earlsson etal, 20065

In general, the calibrated first-ordsr decsy ratz of the
rapidly decaying pool of DOCin 2001 (0144~ at 227 is well
within the rangs cbserved for labile DOC pools in other stad-
iem (L4007 A~ at 23-24°C from Qualls and Haines, 1962,
004600674~ from Pinney et al, 2000; 0.05-0.26 4~ at 22°C
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Fig. 7 - Temporal wvarability in POM standing stock perarea.
Dashed line shows POM standirg steck reduced to 22% of

original values due ta fire. Only sources from within the
floodplain are inchaded jupstream POM inpats not knowmn).

from Stranss and Lamberti, 2002 0.1-00314-1 at 22-C from
Ealbitz etal, 2003). Meanwhile, the decay mtes of the mors
recalcitrant second pool of DOC in our study in 2007 and
2002 wrars an crdar of magnituds highsr than thoes reportsd
in Ealbitz =t al. (2002, Differerces in decay rates may be
attributed in part to the expansion of the study floodolain,
which results in inundation of rew POM standing stock and
contirmss laaching of lakile DiOC threuaghoutths flecd peried,
and mot just at the start flood.

The goarces of DOC in this sinalation are well-repressnbed
and indicate that DCC transported into the flocdplain from
upctrearnwas the deminant sourcs, account:ng for 8% of the
DiZeZ rnimss in 20010, It is irmportans to note that upstresm DOC
sources ame affectsd by DOC release and remsral mechanisms
that are similar to thoss we modsled in the study flood-
plain. DG inpats to the flosdplain from upstream sources are
derived fiom a combination of tzrestrial vegetation, icro-
bial produncts, snd squatic vegetation from the Permanent
Swarnp. Isotopic and chemical evidence from Mladenow et al.
(i poews) indicate el plant-dedved DORM o Qe Bore Rive,
at a sarnpling site just upstresrn of the study floodplain, has
an almest equal contibution of C2 (grasses) and C4 (papyTus,
other sedges, and grasses) vegetstion.

Wiltliin e Oeessdplaing, POM standing siwockh was several
orders of magnitude greater thar POM from primary produc-
tion Yet the DOC produced by litter leaching was only slghtly
higher then microbial DOC produstion during the flocd of 2001
becsuse the aresl DOs fux frorm the Trlcrobdal pool rermnansd
steady (atl.16 gm=? ¢—*) while the rate of areal DOC flux from
POM standing stock quickly declined (from 061 at peak dood)
due to depletion of litter ower time. During the period after
flood (OCTeber 200 1-£pril 2002), Wher Watel was sill prasent
in the flocdplain, the corgributior. from autechthonous micro-
bial sources was greater than from contitmous leaching of
floodplair litter (Fig. 9. By the end of October inboth years, the
POM standing stock was complstely depleted dus to removal
by chiernical, microbial and detridvorous actvity, This is con-
sistent with flucrescence results Fig. 4; Mladenov et al., 2005)
that show a slight shift to more microbial DM sources after
the flood meriod in both years. Also, during the flood of 2002,
litter leaching cortributed significantly less to the DOM pool
because POM standing stock was reducsd due to buming
{Fig. 7).
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Fig. 8 - Comparison of observed and simulated DOC
concentrations trom the Hoodplain LOU model using (&)
only one pool of DOC and (B) twe peols of DOGC with
different decay rates as in Fig. 7. Shading denotes the flosd
peried (approximately May-September). Alse shown are
the reot mean squared errors (AMSE) betwreen measured

and modeled [OC concentrations (mg LY} in 2001 and
2002, An asterisk (') indicates that the RMSE is within 10%

of measured DIC concentrations.

5.3, Model sensitivity and scenarios

DOC mass from upstreamn sowrces and water temperature
were the rnost mfluential mode. parameters, as illustrated by
sensitivity analyses (Tabls 2. DOC leached in the first day of
wetting representad & very minor input of DOC into the sys-
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Fig. 9 - Plots of (4) DOC mass sources, incuding upstream
sources (inflow), continuous leaching, instantaneous
leaching, and micrwebial sources, and (B) DOC mass loss
terms, including mass lost to infiltration, decay, and export
to the adiacent flocdplain from the Stage 3 sirlation.

tern. Future modsling efforts covld ke sirnplified by combining
the nstantanspus DOC leaching temm with the continuous
lzaching t=rm.

The effects of Increasing temperature on COM mass n
the study floodplain clude many cormplsx hydrologic and
biogeochemica! feedbacks that could not be modelsd here,
tut we expsct that flocdplain carbon sources snd DOC mass
wiould decrsase due to incrsased microbial decomposition in
both aquatic and terrestrial compartments. Owr evaluation
of a scenario with & 2°C inceass o temperature, which
iz expected for this region due to climate warming (Tyson
et al., 2002), rezulted in a 4% cecrease in DOC mass in the
floodplain. Risng water tempersture can be expected to
hswe the same sffects upon upstreamn DOC sources. In &
geenario with both an inersess in wwater temperatures and
a 1% decresss in upstream DOC mass loadings, this com-
pounded effect resulted in significant remeaval [11%) of total
LS mass per year in the study floodplain. More thorough
inverzs modeling techniques would reveal more about rmedsl
sengitivity and could provids temporal sensitivity as well (egg,
the importance of data collectsd during psak tood versus
data collected dwring flood recession), which could frther
inform predictions of DOC massin seasonal flocdplains undsr
different climatic regimes.

5.4 Effects of fire

Fire was an important control on DOM fluxes in the stdy
floodplainin 202, Forinstance, wer decay rates of 2002 likely
reflect the more recalcitrant qualities of DOC leached from
tumed litter, Grester sromatic content and higher molecular
weight of DOC derived from bumed material makes bumed
OM more difficnlt to degrade (Crimezik et al, 2002, Gonzalsz-
Perez et al, 2004) and may result in slower decay. This mmore
recalcitrant character of barned OM was illusmated in the
lemrer DOC leacking rates from bnmed sodl snd plant litter than
fromn unbumed material inour leaching experiments.

Calculations of DOC mass inthe inflow revesled that less
than & third of the DO mass was ransported into the flood-
plairin 2002 than in 2001, Althoagh this is due in part to lower
dischiarge in 2002, the decline n DOC mass from upstresm
gources is also the result of buming of litter in upstresm
areas prior to fleod. The marked effect of fire on the amount
of POM standirg stock available for leaching, and, in turn, on
the decay rate of DT is imporant because of the high DG
inputs associated with floodplain litter, This result may be
relevart for similar systems, such as the Pantinal in Brazil
and Kafue Flatsin Zambia and other large arid-zone wetlands
in which fres ae conuno Also, wiven el pors Deguesnl
and larger fires associated with warmer, drier regimes are
exp=cted to affact aquatic ecosystems globally as a result of
climnate change (Whitlock et el 2003; [PCC 2007), our results
may be important for estimatng futwe carbon budgets in
ANy aquatic eccaystemm

5.5  Implications for the Okevango Delta and other
seasonal wetlands

In both 2001 and 2002, the infiltrative transport of lange

amannta of T inta the auksnrfare sermmmed during the
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flood pericd (28% in 2001 and 62% in 2002) and tiese findings
may be espacislly relevant for bicgsochernistry of Chavangs
Delta groundwater. DOM transport by infiltration meay rmesan
substarmial storage of DOM of unkmown resldsnce dme in
the groundwater beneath islands. Obeerations of high DiIOC
concertrations in shallow piezometers in the study flocd-
plain dwring the flocds of 2001 and 2002 (in the range of
10-20mg CL-%; Mladenoy, 2004 support modsl indications

of substantial organic carbon storage in the goundwater
Furthermors, an analysis of spectroscopic properties of the
groundwater DOC (Mladenoy, 2004y indicated that the organic
material was manly plant-derived, but that miciobial sources
of DG were also present. This saggests that thers may also be
significant orgenic matter cycling in the subsuriace and that
thie srganie matrar comld b= inwalvad in micmabially madiatad
redox processes

In additon o the high groundwater DOC concentrations,
Wolski et al. (2005) measured high total M and P concen-
wations in the groundwater near the smdy floodplain and
other seasonal fleodplains, inmeasing with dstance from
the edge of the floodplain 1o the center of Tie nelghbor-
ing island. In combination with the carbonacecus ensrgy
sorces being unnsled into the subswiace, the simultans-
ong infiltration of nutrients may fuel microbial sctivity in the
subsurface.

Groundwater recharge by seasonal wetlands has been
noted a8 a majyr hydrologic mechanism in several arid wet-
land studies (Goes, 1999, Hollard et al., 2006) ard infiltration
ofdissolved constituents such s DOM may have mplications
for hurnan andfor ecosystem health. For exsrrple, the sea-
sonal floodplaing of the Hadejis-Mguu Wetlands of Nigenia
also recsive a doy ccason flocd and groundwerater in this locales,
rechargsd by the flocdplains, is relied upon hesvily for potakle
water supply and irmgsation (Goes, 1999), This stady may also
hawe imnplications for studise of seasonal praivs wetlands in
the northern glacdated plaing of North Americs that are char-
acterized by high infilration rates and groundwater recharge
[Farsoms et al, 2004) and very high LM concenratlons (Arts
et al, XL,

High latituds seasonal wetlands, including northem prairie
wetlands and thermokarst wetlands, are highly sensitive
to climatic variability (Conly and van der Eamp, 2001) and
DOC concentretions are expected to increase even further
in these systermns under increased tempershre soeTArios
(Guo et al., 2004). Yet, warmer emperatures ars sxpectad to
result in increased microbial udlization of DOC and greater
photolytic degradation of DOC in arctic waters (Schindler
et al, 1997} Cur finding of reduced DOC mass loading in
the study flecdplain in a mocdsl scenario run with higher
watel EMPpersnres MAY repreient an important considsra-
ton for estimating changing carson budgsts in seasonal arctic
wetlands.

G, Conclusion

This study preserts a simulation of DOC fluxes in seasonal
floodplainusing a simple model calibrated to & 2-year data sst
of DG concentrations, in which only the major DS inputs
(litter leaching, autotrophic production. and upstresm inpats)

and outputs (decay, infiltration, and outflow) were modaled.
The model provides insight inty seasonal varstions o DOC
concentrations and highlights thess major findings:

{1} theseascnelity of DOC decomposition is best described by
tars pools of DOC decaying et different rates

{2} inboth years, upstreamn DOC sources, subject to the same
Do transformnations we moadelad in the study, were the
primary acamea nf T to the smdy flandplam;

{3 during flocd pericds not influenced by fire, crganic C
derived from vegstation/litter sources within the flood-
plain represents a greater input of DOC to this ssasonal
flocdplain than does organic C from rmicrebial sources
within the flocdplain;

(4 mAlmadve bsses of DOC wers slgnilcant and have impll-
cations for groundwater quelity.

The results of this modsling stdy are useful for better
understanding the processes that control the amount of DOGC
in the water colurmm of seasonol fleodplains. Civen the limited
studies that evaluate seasonal changes in DOC release and
dscay in surfacs waters, the finding of two pools of DOC may
b= useful for urdsrstanding DOC dynamics inwetlands, lakes,
and other water bodies for which a mass balance approach is
applicabls

Acknowledgments

We thank G. Homberger and 5. Mehl for constractive review
of this rnarmscript. The criginalides for the flocdplain moeds]
was provided by B Bauer. We are grateful to the Hamy Oppsn-
heimer Okavangs Research CenTe and the Institute for Arctic
and Alpine Research for fi2ld ard laboratory support. We also
wiould like to thank the Govermmment of Botswana for per-
rmitting this field-based researcn. Special thanks to M. H=inl
for fire data and 5. Mshl and F. Bauer for modding insights.
This research was supported by the American fssociaton of
University Women Scholarship, the Achisvemert Rewards for
College Scientists Endowrment, an MSF IGERT Felowship [8GE
Q087e07, and an INT supplemert to the MSF IGERT Grant #
1534588,

REFERENWCEZ

Arts, M.T, Robarts, B.D., Kasai, E, Aaiser, M., Tumber, V., Flante,
Al Rai H. de Lange H.I. 2000 The attenuation of ultradolet
radiation in high dissolved croganic carhon waters of wetlands
and lakes onthe northern Great Flains. Limnol. Dceanogr. 45,
292-295,

Armancva, 3., Ralik, M., 2005, DOC release from alder leaves and
catldns during decompositon & small loaland strazm. Int.
Rev. Hydrobiol. 1, 2341,

baldwln, L5, 1, Lissalvad orgenlc MAater and paosphonis
leached from fresh and ‘terresirially’ aged river med gum
leaves: implitations for assessing river-flocdplan
interacticns. Freshw. Eicl. 41, 6756385,

Bauer, B, Gumbricht, T, Kinzelbach, W, 2006, A regional couplad
surface water'groundwater meodel of the Ckavangoe Delta,
Botsaana. Water Resour Bes. 42 (4) (AT Mo WosH0ad),




154 ECOLOSICAL MODELLING 205 (2307} tBi-gs

EBomyonge, M.C., Bradenkamp, .., Veenendal, E, 2000, Floocplain
Vegetation in the Mxarags Lagoon area, Okavargs Delta,
Botswana. 5. Afr. [ Eot &6 (1), 15-21.

Ecyer, EWR, Hornbergar, ©.M., Bancals, ¥E., Mcinight, DAL, 1007
Response characteristios of DOC flusting in analpine
catchment. Hydrol Frocess. 11, 1635-1647.

Eoyer, W, Hornbergst, G.M., Bencala, KE., McEnight, DL, 2000,
Effects of asynchronous snowmelt on flushing of dissolved
crganic carhon: & mixdng mmedel appreach. Hydrol Frocess. 14,
312813308,

Chapra, 5.2, 1807, Suface Watsr Quality kodcling. MoSrae-Hill,
Inc., Mew York, pp 27-28.

Conly, FM., van der KEamp, G., 2001, Monitoring the hydrelogy of
Canadian Prairie wetlands t detect tie effects of climats
change and land use changes. Environ. Monit. Aszass. 67,
195-215.

Crenberg, G, Giesks, A., Marting, E., Prince Mengu, ], Stenstrom,
LEL., 192, Major ion chemistry, planlton, and bacterial
assembliges of the Jac'Boro River, Clavango Delta, Eotswana:
the swarmps and flood plains. Arch. Hydrobicl Suppl. 107,
335407,

Czmczk, CI., Preston, C.M., Schrmidt, MOATL, Wemer, LA,
Schulze, E., 2002, Hfects of charming on mass, ooganic cabon,
and stabe carhon isctope composition of wood, Org,
Geccham. 33, 12071723,

Frizze, H., Pennanen, T, Kitunen, W, 1996 Characterization of
dissolved organic carbon from bumed hurmuos end its effscts
on micrcbizl activity and community structure Soil Bicl.
Blochem. 20, 687453,

Gieske, A, 1997, Modelling outflow from the Jao'Boro River
system inthe Okarango Delta, Botswana. ). Hydral. 193,
214730

Gozs, B.JM., 1953, Estimate of shallow groundwater recharge in
the Hadsjiz-Mgur. Wetlands, semi-anid northeastemn Migetia.
Hydrogaol. ). 7, 29304,

Gonzalez-Ferez, [LA., Gonzalez-fla, FL, Almendros:, G., Knceer,
H., 2004, The effact of fire on soil crganic matter—a review.
EnvirTor. [nt. 30, 855-870.

crere, L2, 1991, A medel of dizsobrad crganic-cartbon
concentrations in soil and s:meam wakrs, Hydmwl. Process. 5,
A01-207.

G, L., Serriletoy, 1, Gustafsson, O, Ingn, 1., Andersson, P,
Dudarewy, O, and Whate, D, 2004, Charactenzabon of Sibenan
Arctic coastal sediments: Implications for termestrial organic
carbon erport. Global Bicgeochemical Cycles, wal. 18, GELDAS,
doi 10, 1000/2 003 CEODA0ET.

Heinl, M., Mauenschwander, A., Sliva, ., Vandarpost, C., 2004,
Interactions between fire and flocding in a Sowhem African
flaadplain system {Ckavangs Delta, Botswans). Landsc, Eool.
21, ea8-349,

Heinl, M.B, Frost, B, Vanderpos:, C., Slivs, [, 2007, fire activizy on
drylands and floocplains inthe southem Okavango Delta,
Botswrana. 1. And Ensiron. 5§, 77-67.

Hiberg, P, Lindholm, M., Ramberg, L, Hessen, 0.0, 2002, Acuatic
food wat dynamis on & fleedplain in the Ckavango delts,
Botswani. Hydrobiclogia 472, 23-30,

Holland, KL, Tyermas, 5.0., Mensforth, L], Walker, G.R., 2006,
Tree watsr sources over shallow, salice groundwaterin the
lowrer River Murrar, South-eastem Auvstralia: implications for
groundwater recharge mechkonisms. Aust. [ Bol £4, 193 205,

Hornberger, G.M., Bencals, K.E., McEnight, DM, 1794,
Hydrological contols on dissohved organic carton during
snowme tin the Siake River near Montezuma, Colorado
Bicgeochemistry 25, 147-165.

Jambson, B, Jacobson, .M., Angermeier, PL., Cherry, DLS., 2000,
Variatior. in material transport and water chemistry alorg a
large epk.emeral rver in the Momibk Dzsert. Creshar, Eiol. 44,
431-491.

Tomes, 1.B., Fisher, 5.G., Grimm, M.B., 1535, Vertizal hyrdrologic
exchange and scosyster metzbolism in & Sonoran Cesart
Stream. Ecology 76 (3], #2-352.

Tunk, W, Baylay, RE., Sparks, P.E., 1869, The flaod pulsa concapt
in river-floodplain systems. In: Dodge, LR Ed), Intemational
Largs River Symposiom. Can. Spe:. Fubl. Fish. Aquat 54, pp.
110-227.

Ealbitz, i, Schmerwitz, 1, schwesig, Du, Matzner, E., 2003,
Bindegradation of soil-dzrived dissclved organic matter as
rzlated to its properties. Geoderma 113, 273291,

Karlzsor, O.M., Richardson, 5., Kiffnay, P34, 2006, Modslling
organic matter dynamics in headwater streams of
south-western British Columbiz, Canada. Exol Mode., 183,
453275,

Eragh, T, Sondergaard, M., 2004. Procuction ard bicavailability of
autochthonows disselwed organic carbon: efacts of
mesczocplankion. Aquet. MicTobial Ecal. 36 (1), §1-72.

kfcCarthy, Ellary, 1908, Tha Slaovange Calta, Trans. R So. 5. AfT.
53, 157182,

Mladency, M., 200+, Evaluaton of the effects of hydrologic changs
in the Okavango Delta of Botswana: analys:s of aquatic
organic matter transpor: And ecosystem economics. FhDr
Ciszsrtation. University of Colorado, Boulder, O, US4,

Mladency, M., McEnight, DUd., Wlsk, B, Ramkterg, L., 2005,
Effec:s of annual fleodirg on disselrad orgenic carben
dynamics within 2 pristne wetland, the Ckavango Celta of
Botswana. Wellands 25 |3), 622-638.

Mladency, M., McEnight, Dud., Macko, 3.4, Ramberg, L, Zory,
B.M., HMorns, M., 1n press. Chemicil charactanzaton of Dok
in channels of 3 season:l wetland, Aquat. Sci.

Moustafa, M.Z., Hamrick, 1.W., 2000. Calibration of the w=tland
hyrdrodynamic modal to tha srrargdadas nutdent rameral
project. Water Qual Ecosyset. Mod:zl 1, 141-167.

Murray-Audson, M., Wolski, B, Ringrese, 3., 2006, Scenanios of the
impact of local and upsrezm changss in climate anc water
use o hydro- ecclogy nthe Okavingoe Delts, Botsarana. |
Hydrl. 321, 73-84.

o'Connell, M., Baldwin, 0.3, Robertson, AL, Rees, G., 2000.
Palesza and bizavailabilty of dissslred organic mattar from
flocdplain litter: influence of origin and oxygen levels. Freshw,
Biol. 45, 333-342,

Parsons, Hayashi, van der BEamp, 2004, Infiltration and salute
tTansport under 4 seasonal wetland: bromide tracer
expeiments in 3askatoon, Canada. Hydrol Process. 18,
2011-2027.

Patarsar, FLC., Cumming, KW, 1974, Laaf prosssingin s
woocland stream. Frashw. Bicl. 4, 343-363,

Finney, ML, Westerhoff, RE., Baker, L., 2000, Tansformations in
diszabved crganic carbon through constructed wetlands.
Water Bes. &, 1897-1911.

Qin, 5., McComb, &), Bell, R, Davis, LA, 2002, Mutrient
responsa to 5ol and litker metabolic activity in a trarsect
mcToss @ sessonal waetland. Mar. Feshwr Das. 54, 243
252,

qualls, £.G., Haines, B.L., 1962, Biodegradabilitr of dissoleed
organic matter in forest throughfall, soil scution, and stream
water Scoil 5ol SoC. Am. [ 56, 5TE-586.

qualls, £.G., Richardson, C.1, 2003, Factors controlling
concentration, export, 81d decomposition of dissolved
organic nutricnts in the Everglades of Tlorida.
Biogsochemisiry 62, 197-229,

Ramberg, L, Wolski, B, Krah, M., 2006, Water balance and
infiltation in & seasonal flocdplain in the Ckavango Delta,
Botswana. Wellands 26 |3), 677-650.

Richardson, 1.5., Shaughnessy, C.R., Harmison, FG., 2004, Litter
brazkdown and invertebrate assocdation with thres trpes of
leaves in o terperate ranforest strcam. Arch. Ihydrotiol. 152
{3, J05-225,




ECILOGICAL MODELLING 205 [10o7) Bi-155 155

Rutz, D, Heirl, M., Slva, 1, 2004. Theinfluence of flood and Jre
on biomass and soil properties of floodpliins in Southern
Africa. Master's Thesis. Technische Universitit Manchen
[T I}, Fraising-Wweihenstzphan, Garmany.

Schindler, DLW, Curtis, P.)., Bayley, 5.E., Parker, B.E., Beaty, K5,
Stainton, W.E, 1957, Climate-induced chenges inthe
ditratrad wrganir cathan dgats of hnraal [2kes
Bivgeochemistry 16, 3-28.

Strauss, EA., Lamnberti, G.A., 2002, Efect of dissclved organic
carbon quality on microbial decempositien and nitrification
ra2s in steam sadiments. Frashw Biol <7, 65-7<.

Tyson, POy, Cooper, GR.)., McZarthy, T.8., 2002, Millennial to
milt-decadal varability in the climate of scuthern Africa.
In:. . Climatol 22 1105-1117.

Wwang, M., Misch, W, 2000, A detaild ecosystem model of
phosphors dynamics in created riparian wetlands. Ecol.
Model. 125, 101-130.

Whitlock, ., Shafer, 5.1., Marlon, I, 2003, The role of climate and
vegetation change in shaping past and future firz ragimes in
the northeestern US and the implicatiors for ecogystem
mansagamrant Frr Fonl Mansgs 178, 571

Walsei, B, Murray-Hudson, M., Fernkvist, B, Lidén, 4.,
Hantsmai-Mapils, B, Ramberg, 1., 2005, slands in the
Cearange Dalts se sinks of water-borne nutrianis. Ectewana
Mates Records 37, 253263,

Walsi, P, Savenije, H., 2006. Dynamics of surface and
groundwaterinteraction: in the oodplan system of the
Cicavange Delta, botsarara. [ Hydrol 220, 283-301.



