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High DON bioavailability in boreal streams during a spring flood
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Abstract

Riverine inputs of nitrogen is an important factor that controls productivity of coastal marine waters. Dissolved
organic nitrogen (DON) comprises most of the N in borea rivers. During spring floods, DON flux may exceed the
baseflow flux by several orders of magnitude. However, little is known about the biological availability of spring
flood DON and, thus, its potential effect on coastal productivity.

We have investigated the dynamics of DON bioavailability and chemical composition during a spring flood in
two streams in northern Sweden. Potential bioavailability was determined by employing bacterial regrowth bioassays
with brackish medium and a coastal bacterial inoculum. In addition, concentrations of urea and amino acids and
the proportion of p-isomers in total dissolved amino acids were analyzed because a high proportion of p-isomers
is suggested to indicate old and refractory organic material.

During the flood, potential DON bioavailability increased from 19-28% at baseflow to 55-45% during peak flow
in the two streams, while DON concentration remained relatively constant. At the end of the flood, bioavailability
returned to the baseflow values. Potential DON bioavailability was positively correlated with the concentration of
dissolved combined amino acids and the proportion of L-enantiomers of amino acids. However, only 5-18% of
DON was identified as urea and free and combined amino acids, suggesting that bacteria also utilized other DON
compounds. Our results imply that a major portion of the annual export of labile nitrogen occurred during a few

weeks of spring flood.

Because nitrogen usually limits primary production in ma-
rine environments (Ryther and Dunstan 1971), riverine input
of dissolved organic nitrogen (DON) can be an important
factor controlling productivity and eutrophication of coastal
waters (Seitzinger and Sanders 1997; Stepanauskas et al.
1999a). Due to a relatively low anthropogenic impact on
boreal watersheds, riverine concentration of inorganic nitro-
gen is usually low, and DON is the dominant nitrogen form
(Hedin et al. 1995). In various rivers, 2-70% of DON has
been reported to be potentialy bioavailable (Seitzinger and
Sanders 1997; Stepanauskas et a. 1999a). Spring flood is
often the major hydrologic event in boreal rivers, when up
to 50% of the annua water discharge may be carried in a
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period of afew weeks (Bishop and Pettersson 1996). During
snowmelt, water discharge increases by several orders of
magnitude, and inorganic solutes are diluted. In contrast to
the dilution of inorganic salts, elevated concentrations of dis-
solved organic matter (DOM) often occur, resulting in an
increased transport of DOM (Bishop and Pettersson 1996;
Arheimer 1998). This takes place when snowmelt water rais-
es the groundwater level into organic-rich surface soil ho-
rizons (Bishop and Pettersson 1996). Furthermore, there are
indications that spring flood riverine DOM has €elevated nu-
tritional quality (Wikner et al. 1999). Therefore, riverine
DOM carried during spring floods may be a major nutrient
input to coastal marine waters at high latitudes. However,
little is known about the hydrological controls of bulk DOM
biocavailability.

In this study, we investigated the dynamics of DON qual-
ity during the spring 1998 flood in two streams in northern
Sweden. Bacterial regrowth bioassays were employed to
track the potential bioavailability of DON throughout the
flood event. Brackish water media with a bacterial inoculum
from the Baltic Sea was used in the bioassays because (1)
this study focused on riverine DON as a potential source of
nitrogen to the N-limited southern part of the Baltic Sea; (2)
limnic and brackish bacteria may utilize DON to different
extents (Stepanauskas et al. 1999a,b); and (3) unified inoc-
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Table 1. Catchment characteristics of the investigated streams.

Stridbacken
63°30'N, 19°16'E

Lillan
63°37'N, 19°42'E

Characteristic

Latitude, longitude

Drainage area (km?) 11 9
Wetland area (%) 25 40
Average annua dis-

charge (m?) ~400 ~400
Lake area (%) <1 <1
Forest area (%) 70 30
Bare rock/soil (%) 5 30

Main vegetation Spruce in lower areas, pine in upper reaches

Main geology Migmatite, veined gneiss
Main soils Sediment/till Till
Elevation (m above

sea level) 40-185 90—220
Stream order 2nd 1st

ulum, salinity, and pH ensured that observed patterns in po-
tential bioavailability were not caused by differencesin these
parameters among the water samples.

To determine chemical changes that may cause the fluc-
tuations in potential DON bioavailability, we monitored con-
centrations of the major identifiable DON compounds during
the flood: urea and dissolved free and combined amino acids
(DFAA and DCAA, respectively). In addition, the fraction
of pD-enantiomers in amino acids was analyzed, because a
high proportion of b-formsin DCAA is suggested to indicate
old and refractory organic material (Pollock et a. 1977; Mc-
Carthy et al. 1998; Jargensen et al. 1999).

Materials and methods

Collection of spring flood water—Two streams in north-
ern Sweden, Lillan and Stridbacken, were selected for the
spring flood study (Table 1). Selection of the streams was
based on the following criteria: (1) the streams had low hu-
man impact, with no agricultural or liming activity; (2) the
catchments had similar size but differed in geology and veg-
etation; (3) the catchment areas did not include lakes; and
(4) previous water chemistry data was available.

Water level was monitored continuously during the spring
flood using a pressure transducer connected to a Campbell
Scientific data logger. The water level—-discharge relation-
ships for the two streams were established previously (Lau-
don 1999).

Water was collected weekly during baseflow and daily or
every other day during high flow, until the discharge re-
turned close to the baseflow level. Immediately after the col-
lection, water was filtered through a 0.2-um pore size filter
(SuporCap 100, Gelman Sciences) and stored in acid-washed
polyethylene flasks at 4°C until the end of the sampling pe-
riod. After the storage period (up to 2 months), bacterial
abundance in the water was below the detection limit (<107
LY. About half of the collected samples were analyzed for
inorganic cations (Ca?*, Mg?+, K+, and Na*) and dissolved
organic carbon (DOC). Six samples from each stream were
selected for DON bioavailability determination and 10 sam-
ples per stream were analyzed for urea and amino acids. The
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samples were chosen to cover the periods of winter baseflow,
initiation of flood, peak flow, and return to baseflow.

DON bioavailability assays—The potential bioavailability
of DON was determined employing N-limited bacterial re-
growth cultures according to Stepanauskas et al. (1999a).
Nine hundred milliliters of river water was mixed with 125
ml of artificial sea water (according to Guillard [1975], final
salinity 8.3%o), and pH was adjusted to 8.0 by titration with
NaOH. To ensure that no phosphorus or carbon limitation
occurred, 20 uM Na,HPO, (final concentration [concn.]) and
138 uM glucose (final concn.) were added to the cultures.
Each medium was filtered through a 0.2-um pore size Supor
filter (SuporCap 100, Gelman Sciences) and distributed into
eight polystyrene flasks, 125 ml each. Four of the flasks
received nitrate spikes (3.82 uM N, fina concn.). The media
were inoculated by adding 6 ml of filtered (Whatman GF/F
glass fiber filter, to remove bacterivores) water from the Bal-
tic Sea at Stenshuvud (55°39'N, 14°16’E), with 8 psu salinity
and pH 7.8. Incubations were performed at 20°C in the dark
for 14 d to ensure that bacteria reached stationary growth
phase. Samples for determination of cell abundance were
taken at 24-h intervals, fixed with 2% borax-buffered parti-
cle-free formaldehyde (final concn.), and stored refrigerated.
Cell counts were performed within a month after sampling.
After microscopic examination, no bacterivores were found
in any of the cultures.

From each replicate culture, only the highest bacterial
abundance reached was used for DON bioavailability cal-
culation. First, nitrogen content of an average cell (N, ) was
caculated as Ny, = S/(Dgke — Diver), Where D, Was the
average cell abundance in cultures with riverine nitrogen and
nitrate spikes, D, Was the average cell abundance in cul-
tures with riverine nitrogen only, and s was the concentration
of the nitrate spike. Concentration of potentially bioavailable
DON (b) was estimated asb = N,-D,,« — i, Wherei isthe
concentration of inorganic nitrogen in the medium. The es-
timated N content per cell was 2.28 = 0.28 fmol (mean =
SE), which was similar to the values (1.89 + 0.33) from a
similar study by Stepanauskas et al. (1999a). Because of
insufficient analytical sensitivity of DON measurements, we
did not directly monitor DON concentration decline in the
cultures.

Estimation of N, and DON bioavailability by using ni-
trate spikes involves several assumptions, scrutinized by Ste-
panauskas et a. (1999a). The main assumption is that dif-
ferent bioavailable N compounds yield identical cell yields.
In support of this, Stepanauskas et al. (1999a) found no dif-
ference in cell yield after additions of nitrate and ammonium.
Furthermore, there was no difference in the cell size of bac-
teria cultivated on DON substrates alone and with nitrate
spike added. This is not surprising, since cell size and N,
determinations are performed in stationary phase cultures. In
al cultures, inorganic nitrogen is depleted during the first
few days. After that, media in cultures with and without
spikes become identical, probably resulting in similar micro-
bial assemblages. However, bacterial assemblages in bioas-
says most likely are different from natural assemblages be-
cause of the lack of grazing pressure and light, atered
temperature and substrate composition, and nutrient addi-
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tions. Therefore, the obtained bioavailability values should
be viewed as an estimate of the potential bioavailable frac-
tion of DON.

Measurements of bacterial abundance—Bacterial abun-
dance was measured using a flow-cytometric method (del
Giorgio et al. 1996; Stepanauskas et al. 1999a; Bertilsson et
al. 1999). Syto 13 stain (50 uM, Molecular Probes) and Flu-
oresbrite Carboxy Y G microspheres (1.58 um diameter, ~3
X 10° ml -1, Polysciences) were added to 1-ml subsamples
and analyzed with a Becton Dickinson FacSort flow-cytom-
eter at alow sample flow rate (~12 ul min—t). The cytometer
was controlled with CellQuest 1.2 software. Bacterial cells
and microspheres were separated in a log-log scattergram of
green fluorescence intensity (FL1) and side scattering (SSC).
Voltages for these parameters were set to 560 and 400, re-
spectively. Samples were run for 1 min or until 10,000 cells
were counted. Bacterial abundance in the samples was cal-
culated using microspheres as an internal standard. The
abundance of the microspheres in a stock solution was an-
alyzed by epifluorescence microscopy on a weekly basis.

Chemical analyses—Before analysis, samples for DOC
were stored frozen in precombusted glass vials with Teflon
lids. For other analyses, samples were stored frozen in acid-
washed plastic vials. DOC was analyzed after acidification
and purging of inorganic carbon by the Pt-catalyzed high-
temperature combustion method using a Shimadzu TOC-
5000 total carbon analyzer. Standard methods were applied
to measure nitrate plus nitrite (Wood et al. 1967) and am-
monium (Chaney and Marbach 1962). Total nitrogen was
measured with an ANTEK 9000 high-temperature combus-
tion total nitrogen analyzer. Organic nitrogen concentrations
were calculated by subtracting ammonium, nitrate, and ni-
trite from the total N. Urea was measured according to Price
and Harrison (1987). Base cations (Ca?*, Mg?*, K+, and
Na*") were analyzed by an absorption spectrophotometer.

DFAA and DCAA were quantified as fluorescent o-phthal -
dialdehyde (OPA) derivatives by high-performance liquid
chromatography (HPLC) according to Lindroth and Mopper
(1979) and Jargensen et al. (1993). The following individua
amino acids were detected: aspartic acid (Asp), glutamic
acid (Glu), asparagine (Asn), serine (Ser), glutamine (GIn),
histidine (His), glycine (Gly), threonine (Thr), arginine
(Arg), aanine (Ald), y-aminobutyric acid (GABA), tyrosine
(Tyr), methionine (Met), valine (Va), phenylaanine (Phe),
isoleucine (lle), leucine (Leu), ornithine (Orn), and lysine
(Lys). DCAA were hydrolyzed to individuat DFAA by a
microwave technique (Jergensen and Jensen 1997). To con-
vert molar concentrations of amino acids to moles of carbon
and nitrogen, an average of 3 C atoms and 1.1 N atoms per
amino acid was assumed.

For determination of p- and L-isomers of the DCAA, hy-
drolyzed water samples were derivatized with a mixture of
OPA and the chiral reagent N-acetyl-L-cysteine according to
Nimura and Kinoshita (1986). The derivatives were separat-
ed by reversed-phase HPLC using the method of Mopper
and Furton (1991). Since the applied Nova-Pak C18 column
(4.6 X 250 mm, 4 um particle size; Waters Associates) did
not allow a separation of enantiomers of all amino acids
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detected by the OPA method, the analytical procedure was
optimized for a complete separation of b- and L-enantiomers
of Asp, Glu, and Ala. These three amino acids were chosen
because they are biologically relevant due to their occurrence
in peptidoglycan in bacterial cell walls (Bruckner et al.
1994).

Results

Spring flood carried ~55 and 50% of the annual runoff
in Lillan and Stridbacken, respectively. At peak flow, base
cations (Ca?* + Mgz + K+ + Na*) demonstrated a four-
and twofold dilution in Lillan and Stridbacken, respectively,
compared to the winter baseflow (Fig. 1A). In contrast,
DCAA increased three- and twofold, respectively (Fig. 1B,
Table 2). In both streams, concentrations of DOC and the
DOC: DON ratio increased in the beginning of the flood and
then decreased during the late flood (Fig. 1B, C). During the
peak flood, there was a decrease in DOC-specific light ab-
sorbance at 430 nm (A430:DOC) and an increase in the
ratio of absorbance at 250 and 365 NM (A ;465 Fig. 1C). In
both streams, cation dilution and the risein DCAA and DOC
concentrations started around 3 weeks before the apparent
flood began (i.e., around the first of April). This indicates a
release of water from newly activated soil layers before the
initiation of the spring flood (see Discussion).

Concentrations of urea and DFAA varied between 0-2.82
and 0.13-0.90 uM N, respectively, but did not show any
clear tendencies (Table 2). Urea and amino acids accounted
for 5-18% of DON. DON constituted 90—99.6% of the total
dissolved nitrogen in both streams.

The concentration of DON decreased from 36 to 26 uM
in early April in Lillan but fluctuated around 30 uM during
the rest of the period (Fig. 2A, Table 2). In Stridbacken, the
concentration varied between 17 and 20 uM N during the
entire period. During the winter baseflow, the potential bio-
availability of DON was 19 and 28% in Lillan and Strid-
backen, respectively. DON bioavailability increased in early
April and reached 55 and 45%, respectively, during the peak
of the water flow. As the water flow decreased, DON bio-
availability also decreased, returning to values similar to the
winter baseflow (Stridbacken) or slightly higher (Lillan).

D-enantiomers constituted 21-38% of Asp, 9—15% of Ala,
and 7-16% of Glu in DCAA of the two streams (Fig. 2B).
Spring flood influenced the enantiomeric distribution, but in
various ways for different amino acids. In Lillan, the pro-
portion of p-enantiomers of all three amino acids was sig-
nificantly lower during the peak flow than during the winter
base flow. However, the proportion of p-Asp had a slight
increase in bhoth streams during the early flood. In Strid-
béacken, the proportion of b-Glu also peaked in the beginning
of the flood. In the latter stream, only p-Ala showed a clear
decrease during the flood.

Lillan had a steeper rise in the water flow during the flood
than Stridbacken. The latter stream had several rises and
drops in the flow before the maximal flow was reached.
Changes in DON bioavailability and in most of the chemical
parameters were more pronounced in Lillan than in Strid-
backen. Thus, ratios between the initial and the peak flow
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Fig. 1. Chemical and hydrological parameters of Lillan and Stridbacken streams during the spring
flood: (A) water flow and concentrations of base cations; (B) concentrations of DOC and DCAA;
(C) ratio of absorbance at 250 and 365 NM (A x,.265), DOC-specific absorbance at 430 nm (A -
DOC), and DOC: DON atom ratio. DCAA values are means = SD (n = 3). Other values are from
single measurements. In panels B and C, the gray-area graphs represent water flow and show no

scale (see panel A).

values of diverse parameters in Lillan and Stridbacken, re-
spectively, were 2.9 and 1.6 for DON bioavailability, 3.0 and
1.7 for DCAA, 1.8 and 1.5 for DOC, and 0.3 and 0.7 for
base cations.

The concentration of potentially bioavailable DON cor-
related with the concentration of DCAA (Fig. 3A), whereas
it did not correlate with concentrations of DFAA, urea, or
the sum of all three compound groups. DON bioavailability
(the percentage of DON utilized by bacteria) had significant
correlations (P < 0.05) with water discharge and the fraction
of p-Ala (Fig. 3B, Table 3). In both rivers, DON bioavail-
ability tended to correlate positively with the ratio of light
absorbance at 250: 365 nm, whereas it tended to correlate
negatively with the DOC-specific light absorbance at 430 nm
(Table 3). Only in Lillan, DON bioavailability tended to have
correlations with DOC:DON ratio and the p-enantiomer
fraction of aspartate and glutamate.

Discussion

Flux of bioavailable DON during spring floods—The po-
tential bioavailability of DON increased pronouncedly fol-
lowing the spring flood in the two investigated boreal
streams (Fig. 2A). The bioavailahility increased by a factor
of 2.9in Lillan and 1.6 in Stridbacken, reaching 55 and 45%,
respectively. To our knowledge, no other studies are pub-
lished on the hydrological control of bulk DON bioavail-
ability. Enhanced access to DOC substrates for bacterio-
plankton is found during high-water periods in boreal
watersheds (Wikner et a. 1999) and in the Amazon River
system (Benner et al. 1995). However in these studies, it is
not clear if the elevated DOC accessibility is caused by qual-
itative changes in DOC during the floods or by elevated
concentrations of the same quality DOC. In rivers from tem-
perate and subtropical climates, Volk et al. (1997) report no,
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Table 2. Water flow and concentrations of dissolved organic nitrogen (DON) compounds in Lillan and Stridbacken during the spring

flood 1998.
DON compounds (uM N)

Collection date Flow (L s9) DON PBDON DCAA DFAA Urea

Lillan
24 Feb 49 NA NA 1.02 0.23 0.12
28 Mar 49 36.4 6.8 0.99 0.24 2.82
10 Apr 49 26.3 9.1 119 0.24 0.17
17 Apr 49 NA NA 0.93 0.20 0.77
23 Apr 339 29.6 11.8 1.98 0.26 0.00
27 Apr 1,494 33.8 18.7 1.99 0.16 0.85
29 Apr 4,214 NA NA 3.00 0.30 0.02
3 May 3,071 NA NA 2.75 0.13 0.00
8 May 1,405 30.3 12.6 2.17 0.15 0.59
27 May 49 29.2 7.9 1.48 0.19 0.50

Stridbacken
5 Mar 14 NA NA 122 0.35 2.37
27 Mar 14 20.4 5.7 0.68 0.20 0.44
6 Apr 14 17.4 7.5 131 0.90 0.87
14 Apr 14 NA NA 0.83 0.70 0.14
22 Apr 346 18.0 8.0 0.67 0.23 0.00
24 Apr 1,193 NA NA 1.58 0.29 0.02
27 Apr 1,504 17.0 7.7 1.37 0.18 0.00
2 May 1,486 NA NA 2.03 0.59 0.14
7 May 625 16.6 6.9 1.43 0.19 1.03
26 May 20 171 51 0.84 0.15 0.00

NA, not analyzed.

and Leff and Meyer (1991) report a negative, effect of high
flows on DOC bioavailability.

Potential DON bioavailability values from the pristine, ol-
igotrophic streams Stridbacken and Lillan appear to be very
high, although only few comparative studies are available.
In a similar catchment in South Sweden, only 2-16% of
DON was potentially bioavailable during summer and au-
tumn (Stepanauskas et al. 1999a), whereas 40—72% of DON
was biocavailable in two large eutrophic rivers in North
America (Seitzinger and Sanders 1997). According to a re-
view by Sgndergaard and Middelboe (1995), on average
19% of riverine DOC has been found bioavailable.

In boreal regions, spring flood carries up to 50% of the
annual runoff within a few weeks (Bishop and Pettersson
1996). Accordingly, Yavitt and Fahey (1986) found that 75%
of annual dissolved nitrogen transport from the forest floor
occurred during spring snowmelt. DON constituted about
95% of this nitrogen, with high contents of amino acids. In
Lillan and Stridbacken streams, the spring 1998 flood trans-
ported 55 and 50% of the annual water discharge, respec-
tively. Because of higher water flow and higher DON hio-
availability, the flux (mol h=t) of potentially labile DON
compounds was higher during the peak flood than during the
winter baseflow by two orders of magnitude. Similar patterns
probably apply to many northern watersheds. Inorganic ni-
trogen concentrations in the investigated streams as well as
in most pristine watersheds (Hedin et al. 1995) are low.
Thus, DON carried by spring floods might constitute more
than a half of the total load of potentially bioavailable nitro-
gen to the boreal coastal waters.

A study by Leff and Meyer (1991) indicated that at high

flow, riverine bacteria are less capable of utilizing dissolved
organic material, possibly because bacterial assemblages are
dominated by inactive cells washed out from soils. This,
together with low water temperatures, might prevent riverine
DOM utilization prior to discharge into the sea.

The flood events paralleled a rise in DOC concentrations
in Lillan and Stridbacken, despite the dilution of inorganic
solutes (Fig. 1). Accordingly, maximal riverine DOM con-
centrations generally coincide with periods of elevated sur-
face and groundwater levels associated with snowmelt (Bish-
op and Pettersson 1996) or increased precipitation (Leff and
Meyer 1991). DOC rise during the flood was not accompa-
nied by an increase in bulk DON concentration, resulting in
decreased DOC: DON ratio (Figs. 1, 2). However, elevated
DON concentrations often occur during snowmelt (Arheimer
1998). Our observed rise in DCAA concentration isin agree-
ment with findings by Volk et al. (1997).

In both streams, changes in the DOM concentrations and
character as well as changes in inorganic chemistry seem to
precede the observed changes in discharge (Figs. 1, 2). This
could be due to changes in the hydrological pathways acti-
vating more shallow soil layers already before any noticeable
changes in the water level was observed. The quality chang-
es of DOM preceding changes in discharge could aso be
due to thawing of soil frost releasing previously frozen soil
water with a very different chemical composition. Twenty
years of soil frost monitoring data from a nearby catchment
supports the latter hypothesis since thawing of the soil frost
often precedes the spring flood by several weeks (Bishop et
a. unpubl. data). In addition, discharge measurements under
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enantiomeric distribution in Lillan and Stridbacken streams during a spring flood. Vaues of DON
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bioavailability and n = 3 for the fraction of b-DCAA. The gray-area graphs represent water flow

and show no scale (see Fig. 1A).

the ice cover during the early stages of the flood are tech-
nically difficult and may involve flow underestimates.

Chemical composition of the bioavailable DON—In our
waters, 5-18% of the DON pool was identified as DCAA,
DFAA, and urea (Table 2). In general, the percentage of
identified DON was low because DCAA alone usually com-
prised 10-30% of freshwater DON (Jergensen and Jensen
1997). Assuming all urea, DFAA, and DCAA to be bio-
available, combined they would account for 11-60% of the
potentially bioavailable DON (PBDON). Probably, the per-
centage of identified PBDON was lower since a substantial
part of the measurable DCAA is reported to be inaccessible
for bacterial uptake (Keil and Kirchman 1994, Tranvik and
Jorgensen 1995; Volk et al. 1997; McCarthy et al. 1997).
Other N-containing DOM compounds, identifiable with pres-
ently available techniques, only account for a marginal part
of aquatic DON (Antia et al. 1991).

The low contribution of identified DON compounds to the
bacterial N demand in our study suggests that other DON
substances were utilized by the bacteria. Most of the dis-
solved organic matter in fresh waters is identified as humic
substances (McKnight and Aiken 1998). However, humic
substances include a very broad collection of diverse organic
compounds, part of which is biologically available (Tranvik
1998). The majority of DCAA are aso found in the humic

fraction (Lytle and Perdue 1981; Volk et a. 1997), and a
portion of humic nitrogen might be bound into heterocyclic
compounds (McKnight and Aiken 1998; Schulten and
Schnitzer 1998). *N nuclear magnetic resonance (NMR)
analyses of oceanic DON (McCarthy et al. 1997) and soil
nitrogen (Schulten and Schnitzer 1998) indicate that the ma-
jor part of DON occurs in an amide form. Although some
amides may originate from amino acids, their abundance
suggests that DCAA are not dominant DON components in
the ocean and in soils. The amide groups may arise from
bacterial cell wall components, which may explain their re-
calcitrance to microbial degradation (McCarthy et al. 1997,
1998). However, since the amide concentration decreases
with depth in the ocean, at least a portion of this nitrogen
must be degraded.

A possible source of unidentified DON, including amide
groups, might be amino acids associated with organic mac-
romolecules and clays and not detected by the present ana-
Iytical procedures. Hence, the appearance of vapor phase
hydrolysis has increased DCAA recovery up to threefold
compared to the traditional liquid phase techniques (Keil and
Kirchman 1991; Jargensen and Jensen 1997). It might be
speculated that even the vapor phase hydrolysis is not 100%
efficient, resulting in DCAA underestimates. Supporting this
hypothesis, Jargensen et al. (1998) report a 13-23% increase
in analytically detectable amino acids after an exposure of
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humic water to solar radiation. However, to explain the un-
identified PBDON by amino acids in this study, we have to
assume that the present analytical techniques underestimated
DCAA by afactor of 4 to 11. Intuitively, this does not seem
to be redlistic.

Enantiomeric distribution of amino acids—Chira prop-
erties of amino acids (i.e., whether they are L- or p-isomers)
have been suggested to influence their microbia degradation
(Pollock et al. 1977; McCarthy et al. 1998; Jargensen et al.

Sepanauskas et al.

Table 3. Correlations between the potential DON bioavailability
(%), water discharge, and characteristics of DOM; n = 6 for Lillan
and Stridbacken and n = 12 for both rivers together.

Both
Lillan  Stridbacken streams
Water discharge 0.82* 0.60 0.71*
DOC:DON 0.71 —-0.03 0.42
% D-aspartate —0.68 -0.13 —-0.48
% D-glutamate -0.53 -0.01 -0.23
% D-aanine -0.76 —-0.68 —0.74**
Light absorbance at 250:
365 nm 0.61 0.46 0.50
Light absorbance at 430
nm:DOC -0.60 —0.49 —0.46

* P < 0.05; ** P < 0.005.

1999). The relatively high abundance of b-amino acids (AA)
in soils (Pollock et al. 1977) and in the ocean (McCarthy et
al. 1998) probably indicates their recalcitrance. However, the
recalcitrance of b-amino acids might not be due to the chiral
properties per se, since free p-AA are utilized at rates similar
to L-AA (O’ Dowd and Hopkins 1998), and they are virtually
absent in nature (Jargensen et a. unpubl. data). Probably,
the relative recalcitrance of combined p-AA is caused by
their presence in structural polymers, such as peptidoglycan
in bacterial cell wall, whereas only L-AA occur in proteins.
In support of this, Moriarty and Hayward (1982) found a
high abundance of bacterial cell wall fragments in marine
sediments, suggesting that p-amino acids of prokaryotes
contribute significantly to the pool of organic matter in sed-
iments and possibly also in soils.

pD-Ala and p-Glu are constitutive components of bacterial
cell walls, whereas p-Asp is found in both cell walls and
cytoplasm of various organisms (Bruckner et al. 1994).
Among combined amino acids, b-forms of aspartate, alanine,
glutamate, and serine have the highest percentagesin diverse
environments, as in marine DOM (McCarthy et al. 1998;
Jorgensen et al. 1999), riverine DOM (this study), soils
(Kimber et al. 1990), and living organisms (Bruckner et al.
1994).

In Lillan and Stridbacken, the proportion of p-isomers of
aspartate, glutamate, and alanine showed dynamic changes
during the spring flood episode (Fig. 2B). During the peak
water flow, the proportion of all p-enantiomers decreased in
Lillan. In Stridbacken, only the percentage of p-Ala showed
a clear decrease during the flood. In both streams, aspartate
had the highest percentage of D-isomers among the three
amino acids. There was a great variation in the occurrence
of p-aspartate in Lillan and Stridbacken streams, as well as
in environments investigated by other authors (Fig. 4). How-
ever, our studied streams tended to have higher values than
the marine sites. An exception was the Gulf of Riga, which
is a brackish water body with extensive riverine inputs of
organic material. The frequencies of p-Ala similar to the
ones in Lillan and Stridbacken are found in soils (Kimber et
al. 1990) and bacterial biomass from various pelagic envi-
ronments (Jergensen et al. unpubl. data). On the contrary,
D-Ala frequencies, two to three times higher than our mea-
surements, where found by McCarthy et al. (1998) in high
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HMW DOM from various marine sites
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Fig. 4. Proportion of p-enantiomers of aspartate and alanine in various environments.

molecular weight (HMW) DOM collected from a range of
marine sites.

The comparison of various environments reveals that en-
antiomeric ratios of different amino acids (or at least danine
and aspartate) do not correlate with each other (Fig. 4). Ob-
viously, contrasting sources or sinks of separate amino acid
enantiomers, or both, exist, but too little is known to explain
the observed patterns. For example, it is difficult to explain
why Lillan and Stridbacken were separated in the p-Asp:
Ala scattergram (Fig. 4; P < 0.001, analysis of covariance)
since both streams are similar and geographically close. Pos-
sibly, enantiomeric analyses of amino acids may be used to
trace DON sources.

The correlation between the DON bioavailability and the
percentage pb-Ala (Fig. 3) indicates that the enantiomer ratio
of amino acids may be used as an indicator of DON bio-
availability. Similar correlations between DCAA enantio-
meric ratios and DON degradability have been reported by
Jorgensen et a. (1999) from the Gulf of Riga. The advantage
of the enantiomer analysis is that the bioavailability can be
examined in preserved samples and that no incubation is
required.

Sources of bioavailable DON—During baseflow condi-
tions in forested areas, runoff mainly originates from deeper
mineral soil horizons and the groundwater zone. During
spring floods, infiltration of snowmelt water into the soil
raises the water table, which activates water flow through
more superficial soil horizonsrich in DOM (Bishop and Pet-
tersson 1996). The situation is different in most boreal wet-

lands, where water runoff is mainly derived from superficial
horizons during the entire year. Thus, in wetland-rich catch-
ments, fewer new DOM sources are released during the
snowmelt compared to mainly forested catchments. Eckhardt
and Moore (1990) found a relationship between DOM con-
centration and flow fluctuations only in catchments with a
low share of wetlands. A lower proportion of wetlands in
the Lillan watershed compared to Stridbacken (Table 1)
might explain the higher per-area transport of DON and
DOC and the larger fluctuations in DOM character in the
former stream during the flood (Figs. 1, 2). In addition, new
DOM sources might be depleted gradually during numerous
rises and falls of the water table before the peak flood in
Stridbacken.

High DON bioavailability, increases in DCAA, and de-
creases in the proportion of p-amino acids (Figs. 1, 2) in-
dicated that a large quantity of relatively fresh material was
transported away from the catchment during the spring flood.
Accordingly, decreased DOC-specific absorbance (A .5, :
DOC) and increased absorbance ratio (A ,s,.4es) indicated that
flood DOM was less lignified and had lower average mo-
lecular weight than baseflow DOM (de Haan 1972; Pages
and Gadel 1990; Stepanauskas et al. 1999a,b), despite the
elevated DOC: DON ratio (Fig. 1C).

Flushing of relatively fresh detritus from surface soil ho-
rizons by rising groundwater could be one explanation for
the improved DOM quality in streams during the spring
flood. In addition, Edwards et al. (1986) report physico-
chemical mobilization of particulate detritus into solution
during soil freezing. Finally, several authors suggest that the
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disruption of microbia cells during freeze-thaw events con-
tributes significantly to the concentration of DON in soil
solution (Christensen and Christensen 1991; Deluca et al.
1992). Microbial (bacterial and fungal) nitrogen constitutes
around 30 kg ha %, or 10%, of total soil nitrogen in northern
Swedish forests and may be an order of magnitude higher
in wetland soils (Nasholm et al. 1998). Roughly, around 1
and 0.5 kg DON ha* were flushed from Lillan and Strid-
backen watersheds during the spring flood (assuming 220
and 200 mm specific runoff and 31 and 18 M DON con-
centrations, respectively). Thus, a lysis of not more than 2—
3% of soil microbial cells could support the entire DON
washout during the flood.
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