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Abstract. Raising safety levees and reinforcing dykes is 1 Introduction

not a sufficient and sustamabl_e solythn to th‘? Intense Wln'In riverine regions in Eastern Europe, both the frequency and
ter and summer floods occurring with increasing frequency;

i1 Eastern Europe. An alternative. creating permanentl the severity of flooding have increased in the last decades
PE- S 9p y(Bronstert, 2003), not only in regulated rivers systems but
flooded floodplain wetlands, requires improved understand-

ing of ecoloqical consequences. A 9 month Mesocosm st dalso in more pristine rivers such as the Vistula and Odra in
ing 9! qu ' U9 1and (Kundzewicz et al., 2005). In addition, it is expected

(start.ir_1g in Jangary), under natural light and temperqturethat the intensity and frequency of both winter and summer
conditions, was initiated to understand the role of previousg, 4 o ents will increase in the future probably due to global
land use (fertility intensity) and flooding water quality on climate change (Milly et al., 2002; Christensen and Chris-

soil biogeochemistry and vegetation development. IZIOOd'tensen, 2003; Kundzewicz et al., 2005; Beniston et al., 2007).

ing resulted in severe eutrophication of both sediment pore flood ion b isina dvk b
water and surface water, particularly for more fertilized soil | B€cause flood prevention by raising dykes seems to be

and sulphate pollution. Vegetation development was mainly"sufficient in the future, new strategies have been pro-
determined by soil quality, resulting in a strong decline of posed which allow creating more space for floodwater by

most species from the highly fertilized location, especially in dyke/levee displacement and creation of wetlands and sec-

combination with higher nitrate and sulphate concentrations®ndary channels. These aim to combine several goals includ-

Soils from the less fertilized location showed, in contrast, ™Y safety, the resfcoration of other floodplain functions (Ian_d
luxurious growth of targeCarex species regardless water accretlor_n re_creatlon, water storage), and nature restoration
quality. The observed interacting effects of water quality andOf b‘?th riparian wetlands and permanently flooded-marshes
agricultural use are important in assessing the consequenc smits et al., 2000; van Stokkom et al., 2005). Itis, how-

of planned measures for ecosystem functioning and biodiver&ver difficult to optimally combine all goals, and restoration
sity in river floodplains projects often result in low biodiversity as a result of eutroph-

ication (Antheunisse et al., 2006; Lamers et al., 2006). In
addition, it is a problem to restore peat forming vegetation
(e.g.Carexspecies) in marshes, which is important to coun-
teract the effects of land subsidence (mechanical compres-
sion and oxidation) resulting from agricultural drainage and
eutrophication (Wésten et al., 1997; Schipper and McLeod,

Correspondence td:. P. M. Lamers 2002), although this will decrease the hydrological retention
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The development of vegetation in floodplains is strongly ing others (Roelofs, 1991; Lamers et al., 1998; Kotowski et
determined by flooding characteristics (Vervuren et al., 2003:l., 2006; Geurts et al., 2008). On the other hand, eutrophica-
van Eck et al., 2004, 2005) and flooding tolerance of vegetation may also lead to higher biomass production rates, which
tion (Blom et al., 1990; van Eck et al., 2004). Oxygen depri- diminish toxicity effects due to dilution of these compounds
vation, light limitation and reduced CQavailability restrict  in tissues, or due to stronger rhizosphere oxidation (Geurts
the metabolic efficiency (Mommer et al., 2005; Banach et al.,et al., 2009). The development is not only important with
2009a) and therefore lead to biomass reduction (Pezeshkrgspect to biodiversity, but also with respect to the rate of
2001; van Eck et al., 2004). Wetland species have developethnd subsidence or land accretion (e.g. Rooth and Stevenson,
a number of adaptations (Mommer and Visser, 2005; Banacl2000). In eutrophic systems, decomposition and land subsi-
et al., 2009a) to cope with these stress factors including thelence may dominate, while in less eutrophic systems, such as
ability to oxidize the rhizosphere (Pezeshki, 2001; Colmer,those dominated b arexspecies, net carbon fixation may
2003). lead to land accretion (Portnoy, 1999).

Next, the changed biogeochemistry as affected by the The aim of this study was to investigate the possibility
combined effects of changes in water quality, soil quality for the creation of permanently flooded wetlands (marshes)
and hydrological regime may also form a constraint for suc-along rivers, in relation to flood water quality (@OS@[)
cessful rehabilitation of riverine wetlands. The microbially and soil use (level of fertilization in the past). This measure is
governed processes in soil strongly depend on the soil aerasne of proposed strategies to counteract flooding risks; next
tion state, and after inundation oxygen is depleted resultingo the creation of temporarily flooded areas for water storage
in the mobilization of reduced (often toxic) substances suchduring flood peaks which was investigated in our previous
as nitrite, ammonium and sulphide. As a result of iron re-work (Banach et al., 2009b) and that of others (Antheunisse
duction, phosphate is mobilized during flooding Gkiand  and Verhoeven, 2008). In order to study the effects of long-
Stepniewski, 1985; Laanbroek, 1990; Smolders et al., 2006term flooding under controlled conditions, for which much
Banach et al., 2009b). less information is available in literature, a mesocosm de-

For the creation of marshes, both the composition of theSign using intact sods was used. A period of 9 months was
flood water and soil characteristics may strongly interactchosen as a minimum period necessary in order to cover win-
with the biogeochemical effects of flooding (Swarzenski etter, spring, summer and autumn. The results with respect to
al., 2008). Pollution with sulphate (30) may lead to in-  biogeochemistry (especially C, Fe, P, N and S cycling) and
creased P availability, by the interaction between produced/egetation development will be discussed in relation to water
sulphide (BS) and Fe-P cycling (Sperber, 1958; Roden andmanagement and nature management. In addition, we will
Edmonds, 1997; Lamers et al., 1998, 2002a; Zak et al., 2006yompare both management strategies.
and by competition between $§0and phosphate (PD) for
anion binding sites (Caraco et al., 1989). AsfiS(Deduction
generates alkalinity, decomposition and mineralization ma
increase even further (Roelofs, 1991; Smolders et al., 2006) — ,
The extent of P mobilization and ammonium ($}-Iaccu- 2.1 Field information

mulafcion, and the possible adgitionql effect ofiSOduring The location where the sods were collected, Kosiorow vil-
flooding largely depend on soil quality (Loeb et al., 2007). lage (5213 N; 21°51'E; Fig. 1), is located close to the

High levels of dlissc(;Ived Feh.can. bind both ?Qand HZSI, Chodelka River, a tributary of the Vistula River in Poland.
greventlnlg P-re a.te eutrop |cr;1t|on an@lS—t%xwllty (ISmFO ~__ This site was selected because of the plans of the local au-
ers et al., 1995; Lamers et al,, 2001). The leve O4130_ thorities to create a retention reservoir in this area to avoid
mobilization has been shown to be related to the saturanqnIoooling risks. as the Chodelka River is known to take back-
or]: binding S|te§ n tfhe amorphous I;e pool rather. thanbtoflowing water from the Vistula during high peaks of water
the Icor;centratlonlﬁ PE (ﬁoun% an ROSSI’ 2?)01' Iaoe Idischarge (Banach et al., 2009b). Along this river there are
et al., 2008a). Alt ough phosphorous 1S aiso boun tO__A several meadows which show different cultivation histories
and CaCQ, these fractions are redox independent (BOStro_m’depending on the preferences of their owners. Two neigh-
1988; Lamfers et al'f 2002b, 2006; Geurts et al., 2008). If hlgh‘oouring meadows showing exactly the same hydrology were
COI’]CGI’]U‘&FIOHS of nitrate (Nf) are pre.sent, they can prevent o jected of which one is heavily fertilized (with commercial
the reduction of Fe and SO, as N is a more favourable  fertilizer) and mown twice a year for hay-making (referred
electron acceptor acting as a redox buffer, and reduc%‘ PO to as hayland, HAY), whereas the other is less fertilized and
mobilization rates (Lucassen et al., 2004). used only for grazing (pasture, PAS) at a low density of 1

Both the level of eutrophication and the accumulation of animal per hectare.
potentially phytotoxic compounds may influence the vege- Both meadows have the same geological origin and show
tation of riverine wetlands by the die-off of characteristic a peaty soil type (upper 20 cm: 40-50% organic matter; with
species and development of fast-growing plants outcompetthe inorganic fraction comprising 38-44% sand, 8-12% silt

Materials and methods
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and 4% clay, Banach et al., 2009b), with the average wa- &) T8

ter table 30 cm below soil surface leading to the partial ox- (DE;) ?‘?,”,’9 ,5,:5’3 % L) LITH.
idation of the top layer. Both soils are, however, nutrient- Kolobrz ,» ""denia> /7 RUS.

rich, as concentrations of plant available P (Olsen P) and |, e Gdaﬁsk'ji'%‘

NO; are very high in both soils (Banach et al., 2009b). In  [-$&winoujécie V"t

addition, total concentrations of S and Fe are high. There

were significant differences between these soils with respect | f >2626¢in 5 Bialystok,

to moisture, organic matter content, concentrations of total EXtgosa 5
S, NG;, Olsen P, Igb|le P and Fe/Al bound P fractions (Ta- Poznan % WARSAW /GeLal
ble 1). The HAY soils have been more strongly decomposed x

as a result of fertilization. At the onset of the experiment,
both locations were covered by species-rich terrestrial veg-
etation dominated bfpeschampsia cespitosa andHolcus
lanatusL. (Table 2).

2.2 Experimental design

CZECH REP.

0 50 100km
0 50 100 mi

For studying the effects of long-term inundation with stag-
nating water, 40 sods (3B0x 15 cm) were collected in to-
tal in autumn, with standing vegetation. After transportation
to the Netherlands in plastic containers (to avoid desicca-
tion), the sods were placed in a greenhouse. Each sod wasg. 1. Location of Kosioréw, the sampling area (diamond) in
fitted into a separate glass container X25x30cm) at an  Poland.

air humidity of 40—90%, under natural light and temperature

(ranging between 5-4C during the experiment) conditions

following the outside diurnal and seasonal changes of |ightTab|e 1. Characteristics of both tested soi}sn(ol I=1 of bulk soil
and temperature. The sides of the compartments were cowxcept for moisture and organic matter, which are in %).

ered with black foil to avoid light influence on the sides of
the soil. Characteristics Soil from

SLOVAKIA .,

i i (meantSEM) Hayland Pasture Sign.

Four different floodwater mixtures were prepared based Voisture pe ) = o -

on field data (water quality of the Chodelka and Vistula Organic matter P @) 54 a

River) including a treatment with increased concentrations pH 6.2 (0.2) 6.4 (02) NS

of nitrate (N), sulphate (S) or their combination (SN), all at Total S 52821 (4376) 40858  (1776)  *

M o NOj; 946 (107) 2236 (232) *

the level of 100Qumoll~. The control (Cfl) had pristine NHFP 279 (76) 180  (24) NS
river water quality characterized by low levels of nutrients Olsén P 3818 (435) 1863  (238)  w
(Table 3), without the addition of phosphate. In addition, Total P 10508 (886) ~ 8833  (482) NS
: Amorphous Fe 76671  (8668) 78140 (3393) NS
non flooded, moist controls were used (Cm) as a contrast. 1. Fe 117560 (10480) 100982 (5094) NS
Each treatment consisted of 4 replicates which were ran- Total Fe:P 11.0 (0.9) 116  (04) NS
domly distributed over the 40 units (20 per meadow type). Total (Fe-S):P 61 (06 69 (04 NS
. . Labile P fraction 90.4 (10) 15.8 (1.3) bl

The sods were kept inundated at 20 cm above soil level for Fe/Al bound P 1631 (147) 760  (37)
9 months (January till November) and if necessary adequate ~ Cabound P 3178 (417) 2981  (119) NS
volumes of floodwater were added to maintain the desired ~_©'9ancP 5609 (484) 8077 (383) NS

water column. Non flooded controls were watered with ar- ) )
tificial rainwater containing 5mgf of sea-salt, (Wiegandt ° Water extractable nitrat€,NaCl extractable ammonium
GmbH, Krefeld, Germany) in order to keep the groundwater » <0-001,* p <0.01,* p <0.05, NS not significant
level at 10 cm below soil surface to avoid desiccation of the

sods during this period. plant available P, Olsen et al., 1954), NaCl-extractable am-
monium and water extraction (Banach et al., 2009b). The
2.3 Measurements and chemical analyses concentration of amorphous iron was estimated by oxalate

extraction (Schwertmann, 1964) whilst soil P fractions were
Soil samples were analysed for soil moisture percentagestimated using the method described by Golterman (1996).
(drying samples at 10® for 24 h) and organic matter con- In addition, total element concentrations were measured af-
tent (loss-on-ignition, 55T, 4 h). Levels of nutrients were ter digestion of 200 mg samples in a mixture of concentrated
examined in fresh soil samples (corrected afterwards forHNOs and 30% HO; (4+1 ml) using a Milestone microwave
moisture content) by extraction: Olsen P (as an estimate oMLS 1200 Mega system (Sorisole, Italy).

www.biogeosciences.net/6/1325/2009/ Biogeosciences, 6, 13392009
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Fig. 2. Continued.
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fetuesd metesd toburette, Radiometer Copenhagen, Denmark) preceded by
Fig. 2. Changes in concentrations of selected variables in sedimenPH Measurement. In surface water, turbidity (nephelomet-
pore water — meang SEM (1=4). The week number refers to the fiC turbidity units, NTU) was estimated using a WTW tur-

bidity meter Turb550 (Weilheim, Germany). The remaining
volumes were filtered over a Whatman microfiber filter type
GF/C (Whatman, Brentford, UK) after which citric acid was
Two sediment pore water samplers (Rhizon SMS-10 cm;added (to a final concentration of 0.125¢) to avoid pre-
Eijkelkamp Agrisearch Equipment, Giesbeek, the Nether-cipitation of metals, and stored in 100 ml iodated polyethy-
lands) were placed diagonally at 5-10 cm depth connected téene bottles at-28°C until further analysis.
black silicone tubes for monitoring of sediment pore water The concentrations of ND NHI and soluble reactive
chemistry in each container. Samples were collected anaephosphorus (SRP) were determined by means of an Auto
obically by means of 50 ml vacuumed syringes. After dis- Analyser 3 System (Bran and Luebbe, Norderstedt, Ger-
carding the first 10 ml (stagnant water), collected subsamplegnany) according to standard procedures (Banach et al.,
were pooled for other measurements. 2009b) followed by correction for colour (at 450 nm) caused
Sediment pore water (50 ml) and surface water (500 ml)by humic substances (Shizmadzu UV-120-01 spectropho-
samples were collected monthly. Additional pore water sam-tometer, Kyoto, Japan). The total concentrations of Fe, Ca,
ples were collected three times (Fig. 2) for determination lev-K, P, and S were analysed by means of inductively cou-
els of total inorganic carbon (TIC, sum of G@nd HCQ)). pled plasma optical emission spectrometry (ICP-OES, IRIS
Free (dissolved) sulphide ¢3) in sediment pore water Intrepid Il, Thermo Electron Corporation, Franklin, MA,
was estimated in 10.5ml of subsample fixed immediatelyUSA). At the (relatively high) concentrations used in this
after collection with 10.5ml of sulphide antioxidant buffer experiment the total S concentrations in the water layer pro-
(Van Gemerden, 1984). For this measurement a sulphide ionvided a good estimate of ﬁo because only a small percent-
selective Ag-electrode and a double junction calomel refer-age of the element is present in organic form. This was veri-
ence electrode were used (Roelofs, 1991). fied by parallel analysis of various samples for different treat-
Titration of 10 ml of sample with 0.01M HCI down to pH ments using capillary ion analysis (Waters Technologies), in
4.2 allowed us to determine alkalinity (TIM800 pH-meter which SOZ‘ concentrations were shown to match the total S
with the above mentioned pH-electrode and an ABU901 Au-concentrations within the uncertainty of both methods.

time after the onset of flooding.

Biogeosciences, 6, 1325339 2009 www.biogeosciences.net/6/1325/2009/
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Table 2. Plant species present on sods from hayland and pasture (average abundance, %) at the beginning and the end the experiment. Capit
letters after species name represent groups — H — herbs, G — grassgaréxspecies.

Hayland Pasture

Species Family

before after  before after
Achillea millefolium(H) Asteraceae 0-25 0-5 - -
Agrostisspp. (G) Poaceae 0-1 0-50 0 0-5
Anthoxanthunspp. (G) Poaceae - - 0 0-1
Arabidopsis suecigH) Brassiceae 0 0-5 0-1 0-5
Cardaminespp. (H) Brassiceae 0 a1 0-1 0
Carex hirta(C) Cyperaceae 0 0-40 0-1 10-50
Carex acuta (C) Cyperaceae 0 0-50 0-1 5-50
Centaurea jacedH) Asteraceae 0-1 0 - -
Deschampsia cespitog®) Poaceae 5-75 0-5 5-75 0-50
Festuca rubrgG) Poaceae 0-5 0-50 5-25 0-1
Filipendula ulmaria(H) Rosaceae - - 0-1 0
Galium borealgH) Rubiaceae 0-5 0-10 0-5 0-10
Galium uliginosun(H) Rubiaceae 0 0-5 0-75 0-50
Galiumspp. (H) Rubiaceae - - <1 0-5
Holcus lanatugG) Poaceae 5-50 0-5 0 0-10
Lathyrus pratensigH) Fabaceae 0-1 0-5 0-1 0-1
Leontodon autumnali@d)  Asteraceae 0 0-1 0-25 0-1
Linaria vulgaris (H) Scrophulariaceae 0-1 0-5 0-1 0-5
Lythrum salicaria(H) Lythraceae 0 0-40 0 0-5
Mentha arvensi¢H) Lamiaceae 0 0-5 - -
Plantago lanceolatdH) Plantaginaceae 0-1 0-10 0-1 0-50
Plantago major(H) Plantaginaceae - - 0 0-1
Poa pratensigG) Poaceae 0-5 0-50 - -
Potentilla reptangH) Rosaceae - - 5-25 0-10
Ranunculus acrigH) Ranunculaceae 0 0-5 0 0-50
Ranunculus auricomu$!)  Ranunculaceae 0-1 0-1 0-25 0-1
Ranunculus repen@i) Ranunculaceae 0-1 0-5 0 0-1
Rumex acetosgH) Polygonaceae 0-1 0 0-1 0
Sanguisorba officinaliH) Rosaceae - - 0-5 0-1
Stellaria graminegH) Caryophyllaceae 0-5 0-1 0-5 0-5
Taraxacum officinal¢H) Asteraceae 0-1 0-1 - -
Trifolium repengH) Fabaceae 0-1 0 0-1 0
Veronica chamaedry@) Scrophulariaceae - - 0-1 0
Vicia spp. (H) Fabaceae - - 0-1 0

Total concentrations of TIC were determined by collect- we determined the total cover of plants and algae (in %) dur-
ing pore water samples into vacuumed infusion flasks (30 mlng water sampling. Vegetation and algae were harvested
and correcting for the headspace volume. Concentrations o months after the onset of submergence and at the end of
gases were measured using an infrared gas analyser (ABBe study to be able to quantify biomass production rather
Advance Optima IRGA, Zrich, Switzerland). than standing stock. Collected material was dried aC/or

48 h, weighed (dry weight) and analyzed for total concentra-
. o tions of selected elements (ICP, see above) after microwave

2.4 Vegetation description digestion (see above). Total concentrations of C and N were
i ) i estimated in 2 mg of homogenized dry material using a Carlo

The vegetation present on the sods was described in detag ), NA1500 elemental analyzer (Thermo Fisher Scientific,

(number of individuals and their cover for each species) be'l\/IA, USA). For nutrient ratios, weighted means of the sepa-
fore the onset of submergence and at the end of the expefyia plant groups were used.

iment. We divided the plants into 3 groups: grasses (G),
Carexspecies (C) and herbs (H) (see Table 2). In addition,

www.biogeosciences.net/6/1325/2009/ Biogeosciences, 6, 13392009



1330 A. M. Banach et al.: Effects of long-term flooding

2.5 Data Analysis
Y Table 3. Chemical compositiory{mol I=1) of artificial flood-water

- fi h . S: sulph N: ni fl: fl I
All data were statistically processed by means of SPSS for> 3¢ treatment. S: sulphate, N: nitrate, Cfi: flooded contro

Windows (SPSS 15.0, 2006, Chicago, IL, USA). Biogeo-

chemical variables were In(x+1) transformed in order to Salt SN S N cil
make the data fit better to the normal distribution and to make CaCh-2H,O 610 610 610 610
the variances less dependent of the sample means. Vegeta- KCl 240 240 240 240

tion cover and algae cover were arcsin sqrt transformed and MgCly-6H0 75 75 75 75
species number was log(x+1) transformed. NapSOy 1000 1000 100 100

Relationships between variables (only for flooded) were NaNOs 1000~ 25 = 1000 25
tested by calculating Spearman’s rho correlation coefficients NaHCO; 2000 2000 2000 2000
NaCl 0 975 1800 2775

(rs) due to differences between sizes of variables, and regres-
sion lines were fitted (wittR? statistic).
Changes in sediment- and water-related variables as well

as vegetation and algae data in time were tested in a step-

wise procedure. First, a comparison of flooded versus non- Concentration of S§T in sediment pore water differed in

flooded treatments was performed, followed by a compar-t'me interacting with flooding treatment and water quality

ison between all flooded treatments. A repeated measure&* ! and rxw, Tablle_s 4, 5 and Fig. 2). Initial higher lev-
ANOVA, model mixed designs (GLM 5), procedure was els above 1 mmofi- in S and SN treatmenlts were further
used in both cases for both tested meadows. If the assumﬁgdu_?ed tt(I) Vﬁlufs be’ltwee? 52%—1@oaﬁ§|t| : i we tfo_und
tion of sphericity was not met, an appropriate correction was> 9N 'Ca? 3[/\1 |gﬂer V?j ugs orh_ ha:jnd trfj?ﬁme][‘ s 1n COT'
used according to the values of the Greenhouse or Huynhparlson 0 N, L1, and Lm, which did not diiter from eac

. -1 .
Feldt test statistics (Field, 2005). Tukey HSD (homogene—gf[;er and rgmesugﬁdbbelow SWIOI I—O' g/ge_?l(z)lno‘tlob\fvir.\lle
ity of variances assumed) or Games-Howell procedure (ho- inerences in etween sol S{l(_ 09, 1aple ¢ ): ne
m did not show HS accumulation in the sediment pore

mogeneity of variances not assumed) were used as post hée . ; _
tests. In addition, data from the end of the study were anaVae" higher levels of this compound (2-1@ol| !) were
lyzed by means of ANOVA (with Tukey or Gamess-Howell recorded n S and SN treatmentg KTaP'e 5)- .
post-hoc tests). The same test was used for plant tissue ny- 'Nundation led to strong mobilization of Fe into sed-
trient ratios. iment pore water after 5 weeks with a peak of 400-
Differences between soil characteristics were assessed u800/mol ™ after 9 (HAY) and 15 (PAS) weeks (Fig. 2).
ing independent samples t-test. Significance was accepted 4f'€"€ Were no significant differences between treatments
p-value <0.05. For better clarity, all data are presented ast?=9-41: Table 5). There was a concomitant and rapid SRP

means of non-transformed variablesstandard error of the mobilization to extrgmely high levels of 50_.1.mh0”
mean (SEM). one week after flooding. The amount of mobilized SRP de-

pended on water quality; SRP levels in sediment pore water
were higher for S and SN than for the others. The response

3 Results differed between both tested soils: HAY showed continuous
) . release of SRP with maximum of 2@®nol =2, while for
3.1 Soil response to flooding PAS the concentration of SRP decreased after 12 weeks from

N ] _ 150 to 50umol =1 at the end of the experiment, and became
Initially (one week before flooding), tested soils had a pH comparable to levels in other flooded treatments (Fig. 2, Ta-
of 5-6 with low alkalinity (<0.5meqt?) and low levels pje 5).
of NH;, F&*, SRP and TIC in the sediment pore Wa- | indation led to elevated levels of &ain sediment pore
ter. Concentrations of NDwere high and differed between \yater 26 times higher in comparison to about 1 mmbl |
both meadows: around 50@@nol I=* in the hayland (HAY)  in Cm, changing over time (Fig. 2). S presence led to lower
and 300Qumol I~* for the pasture (PAS). Concentrations of concentrations of G4 in sediment pore water as compared
SO, were below 100mol I~ in both soils (Fig. 2). to Cm and N treatments. Kconcentrations in sediment pore

The dissolved NQ@ pool in sediment pore water declined water increased to 200-3@@nol I-1 after flooding in com-
by 3-5 times one week after inundation remaining signifi- parison to Cm, with higher values for HAY than for PAS
cantly higher than Cm (Tables 4, 5), without effect of soil (Fig. 2). In general, water quality had no significant effect of
use (p=0.72). Concentrations of I\Q'-Hn sediment pore wa- K™ concentrations in sediment pore watg=(.21, Table 5).
ter showed an opposite trend in time compared to; NiD- Sediment pore water pH increased very fast after inun-
teracting with soil user(kL, Table 5) by a strong increase to dation (Table 4) to values of 6.5-7.5 and remaining signif-
a peak of 300-60@mol It in HAY and 100-20Q:mol |1 icantly higher in comparison to Cm during the whole pe-
in PAS after 16 weeks (Table 5). riod. We observed a stronger increase of pH in HAY than

Biogeosciences, 6, 1325339 2009 www.biogeosciences.net/6/1325/2009/
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Table 4. Results of time {) effects and their interactions with land use (L) for flooded versus non-flooded soils (1), examined by means of
GLMS5 analysis.F-ratios and their levels of significance are giver4). Bold values indicate significant differences.

Sediment pore water t L I txL tx| L xI txLxl
pH 21.50%*  4.61* 44197 1.96¥S 1213+ 23MNS 129\S
Alkalinity 89.55%+ 1 7NS  Bg 720 18NS 32560+ 04NS  05NS
TIC 101.47%  12.13** 82.01*** 28NS 3357+ 0.0NS 2245
NOZ 20.850«  29NS g gpwx 2 eMNS  gogex  13MNS 190N
NH4i 2aMNS  0.00%  130% 010 25685 0.41NS  055YS
SRP 4.70% 220¥8 27717 03NS 421 2595 23S
Total Fe 21.260+  11PNS 42617+ 0.6 532+ 09S 0.1MNS
K+t 5.31%* 8.67**  43.41%  3.12* 3.26* 0.14S 059\
cat 3.31* 35INS  go54% 08NS 03NS 16MNS  1.40%8
Slorl 7.93% 0505 425+ 19N 7510 041N 08NS
HoS 5.65**  0.18¥S 17.97% 03NS 07 o.0d¥S 0.7NS

t —time, L — land use, | — inundation, **p <0.001, ** p <0.01, *p <0.05, NS not significant.

Table 5. Results of time 4) effects and their interactions with land use (L), and water quality (W) for flooded soils, examined by means
GLM5 analysis.F-ratios and their levels of significance are giver4). Bold values indicate significant differences.

t L W txL txW LXxXW txLxW
Sediment pore water
pH 96.33%+  0.29\S 5.93% 3.08«  14MNS 335+  0.9MNS
Alkalinity 220.40%*  10.21** 3.85* 285* 1.9NS  120NS o5
TIC 225.04%*  9.68* 0.12\S 9.80=+ 0.72NS 1.0NS 1.0d'S
NO; 144,817 01dS 773~ 3.08*  08dS 121N 06N
NH, 13.03*+ 408 23S 319%  1aNS  16PS  0.91NS
SRP 34.26%* 3253 12.74%x ] 74%* 216 19SS 11S
Total Fe 209.46%  0.16\S 1.0INS 2.49* 1AMNS 03NS 1.449\8
K+ 5.84%* 12.96** 1.63NS 711  0.7NS  05NS  0.4d\S
cat 5.64%* 15.22%* 4.04* 253 1.61NS  07NS  0.80\S
o7l 30.10%+ 0.0 6277 2.94% 4467+ 021NS  0.79NS
HoS 13.420  0.68NS  30.440  22NS  12dNS 1485 1.10NS
Surface water
pH 56.28%+  32NS  19.87% 2.39* 2.84% 0485  0.34NS
alkalinity 148.81%+  859*  27.09%*  19dNS 758w+ 02NS o5ANS
turbidity 13.62%*  2359%*  0.4INS 06NS  13ANS  21MNS 084S
NOg 190.71%+  0.0NS 143  1aAMNS 1 7NS 574 12N
NH, 2.42% 19.85%* 2353+ 320 199« 454+ 1188
SRP 10.02%%%  14.37*  Q.41%* 1.8MS 256 1.3INS  o.of\S
Total Fe 93.12%  8.92%* 2.13S 468 294 12NS 0g8dis
K+ 11.82%  12.18% 078V  11.85%+ 14MNS  04dNS  0.4d\S
cat 68.73+  2.8@\S 5.87* 3.96% 3987+ 0.0MNS 1.09¥S
Sl 60.98**  501*  194.76%*  2.82% 418 249S 135S

t—time, L — land use, | — inundation, W — water quality, *#*<0.001, ** p <0.01, * p <0.05, NS not significant

PAS and significant differences between water qualities: SNalkalinization of the sediment pore water during flooding
treatment had significantly higher pH for HAY, whilst PAS reaching high levels, particularly for PAS soils and SN treat-
showed higher pH for SN, S and N treatments in contrast toments (Fig. 2, Tables 4, 5). The increase of the alkalinity
Cfl (Table 5). These changes in pH coincided with strongwas related to the accumulation of TIC in the sediment pore
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water in time. Anaerobic soil conditions also led to £at- 1800 HAY 1800 PAS ——sn
cumulation in sediment pore water with maximum peaks of £ 1400 -
200-100Q:mol =1 for all treatments. There were no effects H 1000 1000 o
of soil use p=0.25), but CH concentrations were higher in £ o o0

N, S and SN in comparison to Cfl (results not shown). 00 a) g™ -

0 10 20 30 40 0 10 20 30 40

3.2 Changes in water layer

NOj; concentrations in surface water differed only initially
at one week after flooding due to treatment (Fig. 3, Table 5).
There was a strong ND reduction to levels comparable
to N-poor waters (lower than 40mol1~—1), except for the
end of the treatment period. In addition, $Heve|s in
the surface water increased (Fig. 3) differing between testedz
soils (Table 5). HAY soil showed much stronger LNH
mobilization (up to 5umol|~1) then PAS €20 mol|—1).
Moreover, we observed a significant effect of water quality
on NH; levels for HAY; the highest peak of 50mol I=1
was for SN followed by S, N (10-20moll~1) and Cfl
(<10umoll~1) treatment (Table 5).

The concentrations of Sfp in the surface water were
related to both water composition and soil use (Tables 4,
5) decreasing from levels of 1200-160Mol1~! to about
400umol 1I=1 (S and SN treatments), especially for HAY.

The concentrations of B¢ in the surface water differed
between tested soils (Table 4): HAY showed stronger mo-
bilization (160umoll~1) than PAS (7Qwmoll~1). We did
not detect significant differences between water quality treat- ™, | .
ments @=012, Flg 3, Table 5) 0 0 A iweeks *° 4 0 10 tima [week] > 0

12
The raised levels of SRP in the sediment pore water led t0_.1 HAY s

P release into the surface water above, increasing over timeg ¢
with differential responses for both soils. HAY showed val-
ues up to 40-12@mol =1 for S and SN treatments (Fig. 3),
in contrast to values of 20-50moll~1 for PAS (S, SN). . o
Treatments without S enrichment showed, however, much time [weeld
lower levels of SRP<15umol I~* in HAY and <2 umol I~ Fig. 3. Changes in concentrations of selected elements in surface
in PAS). Flooding resulted in an increase of water turbidity water — means SEM (=4).

to 15-25 NTU without significant effects of the water com-

position (p=0.75), but with higher values for HAY than for

alkalinity [
o N & o

0 40 0 10 0 40

20 3
time [week]

PAS. 3.3 \Vegetation response
Concentrations of G4 in the surface water increased 2—
2.5 times above the initial value of 1 mmofi during inun-  |nundation of sods resulted in a significant decline of the veg-

dation without effect of soil usep=0.10, Table 5). However,  etation in terms of cover and number of the species in each
water quality influenced C& levels favouring its release at  fynctional group over time (Table 6a). Cover of the plants de-
low S levels (Fig. 3). Also K concentrations in surface wa- creased by 21% in HAY and 4.8% in PAS after 41 weeks in
ter significantly differed over time (Table 5), with diverse flgoded sods. At this time, plants covered almost the whole
patterns for both soils; there was an increase in HAY and dexyrface of non flooded sods (Cm) from both meadows (98
crease in PAS. We did not find a significant influence of waterang 9395, Fig. 4). Cm sods had a high number of individ-
quality on K* mobilization to the surface watep£0.52). ual small plants for herbs, grasses<(pand Carexspecies,
The pH of the surface water rose from 7 to 7.5-8; the high-with a relatively low biomass. Flooding changed this com-
est value was measured for SN (Table 5). In addition, thereosition, leading to a drastic reduction of herbs and relatively
was a strong alkalinisation of water layer especially in SN stronger development of grasses &atexspeciesf(x Gx|).
treatments (Fig. 3, Table 5). Moreover, species composition differed significantly(Q
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Table 6. Statistical results for timer) effects and their interactions with land use (L) for (a) flooded versus non-flooded soils (1), and (b)
interactions time with land use (L), water quality (W) and group of vegetation (G) for flooded soils only examined by means of GLM5.

€) Vegetation cover  Biodiversity (b) Vegetation cover  Biodiversity Algae cover
t 10.70%* 38.88%** t 24.22%* 29.93%** 26.67%*
txG - 15.28%** txG - 14.30%+* -
txL 0.72NS 0.70NS rxL 2.74NS 1.83S 0.78\s
txI 6.49% 41.89%* txW 1.13NS 0.95\S 2.51%
txGxL - 1.2MS txGxL - 0.67\S -
txGxl - 16.37%% txGxW - 0.84\s -
txLxl 0.83\s 0.39\S txLxW 0.44\S 1.00\S 1.26\S
txGxLxl - 0.90VS txGxLxW - 1.58* -

G - 68.71%* G - 5.14%* -

L 1.04NS 11.15%* L 5.60* 6.52* 17.45%%
I 53.50%** 72.75%** W 1.71NS 1.56\S 0.29\s
GxL - 6.58%* GxL - 7.92%* -
GxI - 45, 72%* GxW - 150 -
LxI 1.55\8 1.84\S LxW 0.61NS 1.23\S 1.24NS
GxLxl - 2.39\S GxLxW - 1.00¥S -

t —time, L —land use, | — inundation, G — group of vegetation, W — water quality, - Not included in the model,2%.001, ** p <0.01,
* p <0.05, NS not significant

100
80
K 60
: |
B HAY
3 40
[ TPAS
20 -
o A B
Cm cfl N S
treatment
35 35
HAY T PAS
30 30
25 25 T
I I
20 + 20 —
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£ 1 £ T [
2 15 OCarex | 2 15 OCarex
o -l
10 1 Oherbs 10 1 [ Oherbs
5 5 L
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Cm Cfl N S Cm Cfl N S SN
treatment treatment

Fig. 4. Vegetation data (cover above and biomass of each group below) at the end of the inundation period (week 41}-SBEba{s=4).
Error bars of biomass represent SEM for the total biomass.

between meadows — HAY was dominated mainly by grasses&nd biodiversity, Table 6b). There was, however, an initial
and herbs with a very low number of individuals Garex  stimulation of the vegetation growth in N treatments com-
species, whilst PAS had much more individuals of herbs andpbared to Cfl control and a reduction by S and SN, followed
Carexand a similar number of individuals of grasses com- by a decline in all treatments (data not shown) resulting in
pared to HAY. Observed changes in cover and species comthe final situation presented in Fig. 4. Above-ground to-
position were not only time-relatedX|) but also depended tal biomass was clearly influenced by interacting effects of
on land use (higher for PAS, Table 6). We did not observe aflooding and soil use (Table 7, Fig. 4). Flooded plants from
significant role of water quality(=0.18 and 0.21 for cover HAY had lower biomass whilst those from the pasture were
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comparable to Cm. Water composition had a significant ef-our earlier findings on short-term flooding during summer,
fect on total biomass in HAY, where biomass was very low where flooding itself rather than water quality determined
for the N, S and NS treatment. This adverse effect was nothe biogeochemical response and the vegetation development
found for PAS. (Banach et al., 2009b). The hydrological conditions tested
Initially, vegetation cover was 41% for HAY and 39% for in the present study relate to those in more or less pristine
PAS (p=0.68), composed of species from different functional marshes dominated by sedges (Wassen et al., 2002; Kotowski
groups, such as grasses and herbs. In add@Emexspecies et al., 2006).
were present, mainly on PAS (Table 2).
Herbs suffered the most due to flooding, and we noticed &1 Effects of flooding on redox-related processes
strong decline ofCardaminespp. (PAS)Sanguisorba offic-
inalis (HAY), Centaurea jacegFilipendula ulmarig Rumex
acetosa Trifolium repens Veronica chamaedryand Vicia
spp. (HAY and PAS). For grasses omythoxanthurnspp.

Permanent flooding led to strong changes in soil due to
a switch from aerobic to anaerobic conditions. Subse-

- At et
(HAY) and Poa pratensigPAS) declined. Other species were qlgg?t alternative electron gcceptors @ ] Fe and
flooding-resistant, showing either survival or even stimula->C; ) Were reduced leading to the sequential decrease of

tion of growth (Table 2). NO; concentration, mobilization of NH, Mn?*, F&*, and

Above-ground biomass of grasses was significantly lowerSQ; ~ reduction (Figs. 2-3; Gliski and Stepniewski, 1985;
(Table 7a) at the end of the study in comparison to sum-Laanbroek, 1990). These redox-related processes were the

mer (week 24) and it was lower in flooded sods in com- main cause of P eutrophication and accumulation of reduced
parison to Cm. This decline was stronger in HAY than compounds, which may both pose a threat for the biodiver-
PAS including non flooded controls. S and SN treatmentssity of the developing vegetation (Lamers et al., 1998; Smol-
had the strongest impact, followed by N, leading to sig-ders et al., 2006; Loeb et al., 2008b; Banach et al., 2009b)
nificantly lower biomass of grasses for both meadows (Ta-and are strongly related to the season (Antheunisse and Ver-
ble 7b). Biomass ofCarex species, which are a target for hoeven, 2008; Beumer et al., 2008; Loeb et al., 2008b).
ecosystem rehabilitation, was significantly higher in floodedAs the observed eutrophication was not caused by external
sods (Table 7a), especially for PAS, without significant effectP input (Table 3), the elevated levels of SRP must have re-
of water quality p=0.25, Table 7b)Carexgrew well in all  sulted from internal mobilization of accumulated P (so-called
treatments on PAS whilst in HAY these species were preseninternal eutrophication, Roelofs, 1991; Smolders et al., 2006;
only in Cfl. Biomass of herbs declined due to inundation Banach et al., 2009b). There were two key factors involved
(Table 7a), but was not affected by water qualipz0.97,  in this process: soil characteristics and water pollution with
Table 7b). However, we noticed that biomass was higher inSC; . The more fertilized HAY soil had higher Olsen P lev-
nutrient-rich treatments in PAS in comparison to Cflk) els (Table 1) than PAS which could be responsible for differ-
whilst HAY, in contrast, showed reversed tendency. ences between both tested soils (Fig. 2, Table 5). There are
Inundation of sods led to development of algae up to atwo possible sources of P in the soil: inorganically-bound
cover of 100% of the water surface (Table 6b). There was a@nd organically-bound P fractions. As an inorganic source,
significantly higher mean overall algae cover in HAY (49%) Fe-bound P is most ofimportance as SRP can be easily mobi-
than PAS (23%). Development of algae did, however, notlized from this redox-sensitive fraction under anaerobic con-
depend on water qualityE0.86, Table 6b). ditions due to Fe reduction (Patrick and Khalid, 1974, Caraco
The mean N:P ratio in plant tissue was 3.9¢ HAY) et al., 1989; Baldwin and Mitchell, 2000; Zak et al., 2004;
and 2.2 (PAS) for non inundated plants (results not shown)Loeb et al., 2008a). Indeed, we measured increasifg Fe
Inundation led to significant changes of this ratio: in PAS and SRP concentrations both in sediment pore water and sur-
it increased to 8.1 and in HAY to 5.4(<0.05). The initial ~ face water (Figs. 2-3). Levels of Fein surface water were
P:K ratio (Cm) was 0.16 for HAY and 0.22 for PA$£0.15), much lower in comparison to those in sediment pore water

changing to 0.19 and 0.11 after flooding. We did not observedue to oxidation of the surface water column (Loeb et al.,
an influence of water quality on both ratios. 2007). The Fe-related P mobilization appeared to be related

to the low total soil Fe:P ratio (Table 1), which was around

the threshold value of 12 mol mot below which P is mobi-
4 Discussion lized (Ramm and Scheps, 1997; Geurts et al., 2008). Another

indicator, the Fe:P@ratio in sediment pore water, correlated
We showed that permanent inundation of floodplain sedi-well with SRP in the surface water,E-0.76**, R2=0.53) in
ments significantly influenced both soil biogeochemistry anda similar way as found by Smolders et al. (2001) and Geurts
vegetation development, but that the severity of these redoxet al. (2008), with a threshold value of 3—4 mol mbbelow
related changes appeared to be strongly determined by thehich SRP is strongly mobilized to the water layer, simi-
interactions between soil characteristics, as determined biar to the values found by others (Lehtoranta and Heiskanen,
land use, and water quality. This response is in contrast t®003; Zak et al., 2004). Moreover, Fe:P@atio differed
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Table 7. Effects of time (), land use (L) on biomass of each group of plants caused by (a) inundation (I) and (b) water quality (W) by means
of univariate ANOVA. We compared data from both harvests. In addition differences between flooded treatments are presented for each
group (c) — treatments with the same letter are not significantly different.

(@ Grass Carex Herbs (b) Grass Carex Herbs
t 12.62*  0.04\S 2.7MS ¢ 14.76%+  0.4MNS  4.96*
L 7.05%  19.88%*  529* L 0.0MS 38910+ 119\S
| 18.83%*  531*  35.22%* W 3.68* 1.4NS  0.08\S
txL 0.7NS  golNS 069N sxL 0.8NS  04dNS 056
txI 0.0INS  029NS  0a1d¥S  ixw 05MNS  0.0NS  0.10¥S
LxI 5.85* 3.6MNS 1.70%  Lxw 0.64S  0.60¥S  2.95*
txLxl 2.84NS 0.58\S 0.0NS  fxLxw  1.01NS 0.0NS  0aNs

Post hoccomparisons

(©

Cil A A A
N AB A A
S B A A
SN AB A A

t —time, L — land use, | — inundation, W — water quality, **<0.001, ** p <0.01, * p <0.05, NS not significant

significantly between tested soils and treatments, PAS havingomposition and mineralization (Smolders et al., 2006). This
significantly higher p <0.001) values than HAY resulting process is expected to be additionally important in this study
in lower P mobilization although Fé levels of the sediment as we recorded production of alkalinity and TIC, especially
pore water were equally high (Table 4, Fig. 2). for S and SN treatments (Fig. 2, Tables 4, 5). Unexpectedly,
Differences in SRP levels between both soils could addi-the presence of high concentrations of N@ the surface

tionally be explained by the role of €ain P binding as de- Wwater did not prevent P mobilization, as is known to occur
scribed by Bostrom et al. (1988). In our study we found sig-in fens related to blocking of Fe reduction by the presence
nificant differences in the concentrations ofCm sediment ~ of this more favourable electron acceptor (Lucassen et al.,
pore water (Tab|e 5) and a negative Corre|atk}|:|:(_0_49**) 2004) This can probably be explained by the fast depletion
with SRP. As C&t increased and SRP decreased in sedimenf nitrate due to the stagnant situation, even though nitrate
pore water for PAS, it can be concluded that there may havévas supplied to keep the water levels constant.
been precipitation of SRP with €aand/or CaC@Q.

4.3 Consequences for vegetation development
4.2 Role of water quality on redox processes

Flooding itself is a stress factor for non-wetland vegetation
Increased S concentration of the surface water led to sig- as it drastically changes physiological functioning of plants,
nificantly higher P mobilization interacting with soil qual- Such as photosynthesis, respiration and internal transport of
ity, which did not occur during short-term (1 month) flood- nutrients, due to oxygen deficiency and accumulation of re-
ing (Banach et al., 2009b). The Fe:P@atio in sediment duced compounds (Chen et al., 2005; Banach et al., 2009a).
pore water was lower for S and SN treatments (below theHerbs, the most abundant plant group on the studied mead-
threshold) suggesting additional internal eutrophication duedws were most sensitive to flooding as could be expected for
to 50‘21— influx and its reduction. Produced,8 apparently  this terrestrial species group lacking specific adaptations to
interacted with the Fe-P cycle (Golterman, 1995; Roden andlooding (Van Eck et al., 2004; Banach et al., 2009a); 8 out
Edmonds, 1997; Smolders et al., 2006; Zak et al., 2006)°f 26 species disappeare@arex species and some of the
and stimulated P mobilization (especially in HAY). However, grass species in the control flooding treatment were tolerant
both soils were Fe-rich which can explain the lowSHcon-  to flooding, as could be expected from their specific traits
centrations in sediment pore water. Although théFeon-  including the ability to oxidize their rhizosphere.
centration is high, a large part is sequestered ag Be& not The vegetation response to permanent flooding, however,
available for P binding, as indicated by the relatively low (Fe- appeared to be strongly influenced by the interactions be-
S) to P ratio of 6—7 (Table 1). In addition, %Oreduction is  tween soil use and water quality. The long term vegetation
known to generate alkalinity, which may play a role in fur- development after years of hydrological changes may, how-
ther nutrient mobilization (especially P) as it stimulates de-ever, diverge because of succession related to long-term
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competition between plants, dispersal of diaspores and heis Conclusions

bivory, processes that could not be included in the present

experiment. There were striking differences in vegetationOur study showed that the effects of long-term inundation of
development between both meadows (as related to land usg)eadows, as in projects aiming at the restoration of marshes
affecting a number of soil characteristics including thosealong rivers to increase water storage capacity, are strongly
shown in Table 1), with a very strong decline of the vege- determined by the interactions between land use (level of fer-
tation for HAY and luxurious growth o€arexspecies for tilization) and water quality. The actual effects on biogeo-
PAS in N, S, and SN treatments. This may partly be re-chemistry and vegetation will, in addition, strongly depend
lated to the strong eutrophication of HAY, leading to algal on the actual flooding duration and frequency, the flooding
development in the water layer which hampered vegetatioreason and the water level. We tested the creation of a per-
growth. In addition, the lower redox potential related to the manently, shallowly flooded situation throughout the year,
sequential depletion of alternative electron acceptors (inducas this is one of the possible measures to combine the re-
ing more severe oxygen stress) and the higher concentratioiuction of flooding risks for the population and the restora-
of potentially phytotoxic substances in sediment pore wa-tion of marshes along rivers. These results differ from those
ter as a result of higher decomposition rates, includin§ H of short-term summer flooding (Banach et al., 2009b) where
(for S-treated), nitrite (NQ, for N-treated), Na‘, and pos- flooding itself had the most striking effects on plant ecophys-
sibly also organic acids which may have influenced vegetaiology and soil biogeochemistry, regardless water quality. As
tion development (Roelofs, 1991; Armstrong et al., 1996; dethe rate of the different biogeochemical processes and the
Graaf et al., 1998; Lamers et al., 1998; Lucassen et al., 2003growth of plants are both significantly influenced by tem-
Van den Berg et al., 2005; Koch et al., 2007). It was, how- perature, winter flooding will have much less effects (e.g.
ever clear that land use, leading to the above-mentioned efBeumer et al., 2008; Loeb et al., 2008b).

fects, was the main determinant for the development of target Our work emphasizes the important role of land use (level
(CareX) vegetation for marshland creation, and that more eu-of fertilization). For heavily fertilized soils, desired vege-
trophic soils require surface water with low concentrationstation development only seems possible if sulphate and ni-
of both SCi* and NG;. The observed development of the trate levels in the surface water are low as in less polluted
vegetation was in strong contrast to the effects of short ternfivers (Lamers et al., 2006). This means that for intensively
flooding (Banach et al., 2009b), where all treatments showedised agricultural areas, water quality seems to be even more
equal reduction in vegetation cover as a result of flooding.important than for other areas, which is rather unexpected.
Nutrient availability may also directly influence vegetation Strikingly, development of sedge fens was possible for less
development and, by competition, diversity. In our study we fertilized soils even at higher sulphate and nitrate levels, al-
noticed that inundation led to higher availability of both N, though plant biodiversity was still relatively low (partly due

K, and especially P. Based on nutrient ratios in plant tissuethe absence of plant dispersal in our experiment) and peat
the vegetation on both soils appeared to be N-limited only,formation is less probable due to still high levels of nutrients,
as N:P ratios were lower than 12—-14g'gKoerselman and ~ presumably leading to high decomposition rates. Especially
Meuleman, 1996; Gisewell et al., 2003; Olde Venterink etif water quality of rivers is still unfavourable with respect to
al., 2003). The increased availability of P due to flooding did Sulphate and nitrate, restoration measures should concentrate
not decrease these ratios in plant tissue, which further supen those areas that do not show a history of heavy fertiliza-
ports this idea. Although the increased availability of N may tion.

have changed the vegetation composition, the negative indi-

rect effects of eutrophication, as explained above, appeareecknowledgemenFsThe guthors yvould like to acknowledge G.van
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Plant tissue C:N ratios were 14.6 and 7.9 for HAY and his help with the deSCI’Ip"[IOI’] of the vegetation, and R. Loeb for her

. help with sample analysis.

PAS, respectively (results not shown). These values are far
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