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Dissolved organic matter (DOM), a heterogeneous substance found in all natural waters, has many documented
abiotic roles, but recently, several possible direct influences of DOM on organism physiology have been reported.
However, most studies have been carried out with a limited number of natural DOM isolates or were restricted
to the use of commercial or artificial humic substances. We therefore employed three previously characterized,
chemically-distinct natural DOMs, as well as a commercially available humic acid (Aldrich, AHA), at
circumneutral (7–8) and acidic pH (~5), to examine DOM effects on whole-body Na+ concentration, unidirec-
tional influx and efflux rates of Na+, and ammonia and urea excretion rates in Daphnia magna. Whole-body
Na+ concentration, Na+ influx, andNa+ efflux rateswere all unaffected regardless of pH, suggesting no influence
of the various natural DOMs on active uptake and passive diffusion of Na+ in this organism. Ammonia and urea
excretion rates were both increased by low pH. Ammonia excretion rates were reduced at circumneutral pH by
themost highly colored, allochthonous DOM, and at low pH by all three natural DOMs, aswell as by the commer-
cial AHA. Urea excretion rates were not influenced by the presence of the various DOMs in circumneutral solu-
tions, but were attenuated by the presence of two allochthonous DOM sources (isolated from Bannister Lake
and Luther Marsh) at acidic pH. The observed reductions may be attributed partially to the higher buffering ca-
pacities of natural DOM sources, as well as their ability to interact with biological membranes as estimated by a
new measure calculated from their acid–base titration characteristics, the Proton Binding Index (PBI).

© 2013 Elsevier Inc. All rights reserved.
1. Introduction

Dissolved organic matter (DOM) is a complex group of molecules
produced during the decomposition of lignin-rich plant materials and
the decay of dead organic biomass in a poorly-understood process
known as humification (Ertel et al., 1984; Hatcher and Spiker, 1988).
In freshwater ecosystems, DOM molecules are ubiquitous and their
mass (usually ≥50% dissolved organic carbon or DOC as a heteroge-
neous mixture of humic and fulvic acids) exceeds that of living organ-
isms (Thurman, 1985; Thomas, 1997). The source of DOM in the
ecosystem can be allochthonous (i.e. terrigenous - organic matter pro-
duced on land and then washed into the water body), autochthonous
(organic matter generated within the water column by microrganisms
such as algae and bacteria), or of mixed autochthonous and allochtho-
nous origin (McKnight et al., 2001). Depending on their concentrations
and origins, DOM molecules are responsible for the yellow to brown
color of surface water; allochthonous DOMs tend to be darker in color
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(Schwartz et al., 2004). The heterogeneous nature of various DOM
sources also reflects their variability in chemical structure and composi-
tion, characteristicswhich can be probed using the absorbance andfluo-
rescence spectroscopy and titration (e.g. Al-Reasi et al., 2013).

Several direct interactions of DOM with freshwater organisms
have been documented recently (Steinberg et al., 2006). For example,
DOM molecules have been shown to accumulate on cell membranes
(Campbell et al., 1997) with impacts on their permeability (Vigneault
et al., 2000), especially under conditions of low water pH coupled
with higher DOC concentrations. Even at circumneutral pH, the pres-
ence of added DOM induced a more negative transepithelial potential
in trout gills, and the effects were greater with darker, more allochtho-
nous DOMs (Galvez et al., 2009). Some studies have indicated that DOM
molecules have the potential to induce toxicity (e.g. Meems et al., 2004;
Timofeyev et al., 2004; Matsuo et al., 2006; Steinberg et al., 2006).
However, other investigations have found that organisms in soft acidic
waters experience higher survival (Hargeby and Petersen, 1988)
and improved growth (Barth and Wilson, 2010) in the presence of
DOMs, and are protected against negative changes in ionoregulation
(Gonzalez et al., 1998, 2002; Wood et al., 2003; Matsuo et al., 2004).
DOMs may also facilitate increased ammonia excretion at low pH, so
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as to alkalinize the gill surface (Wood et al., 2003). Similar to low pH
conditions (e.g. Havas et al., 1984; Wood et al., 1998), metals such as
copper (e.g. Grosell and Wood, 2002; Alsop and Wood, 2011; Zimmer
et al., 2012) have been reported to disruptNa+ regulation and ammonia
excretion in freshwater organisms. From metal toxicity studies, DOM
molecules are well-known to offer protection by sequestering metal
ions as complexes in thewater, thereby reducing bioavailability and up-
take, and these protective actions can be related to the physicochemical
properties of the various DOMs (Al-Reasi et al., 2011, 2012). However,
Wood et al. (2011) have postulated that part of the protective effect of
DOM may also be a direct interaction with the processes of Na+ trans-
port. Indeed, Matsuo et al. (2004), Glover et al. (2005), and Glover and
Wood (2005a) reported that the presence of DOMmay stimulate active
Na+ uptake in the rainbow trout (Oncorhynchus mykiss) and the water
flea (Daphnia magna), respectively.

Generally, it is apparent that DOMs may interact in a positive or neg-
ative fashion with the functioning of gills or other transporting epithelia
of freshwater animals (Wood et al., 2003; Matsuo et al., 2004; Glover
et al., 2005; Galvez et al., 2009). Furthermore, there is some evidence
that commercially prepared DOMs may have different direct actions
than natural DOMs (e.g. Wood et al., 2003; Glover et al., 2005; Glover
andWood, 2005a). Recently, through titration and spectroscopic studies,
we developed a newProton Binding Index (PBI) to summarize the chem-
ical reactivity of various DOMs (Al-Reasi et al., 2013). The present study
investigated the influence of various natural DOMs on two fundamental
physiological functions, Na+ regulation andnitrogenouswaste excretion,
of the freshwater cladoceran, D. magna, and evaluated whether effects
could be related to their buffering capacities or PBI values. We hypothe-
sized that DOMswould affect the processes of ionoregulation and nitrog-
enous waste excretion positively, especially at lower environmental pH.
We predicted enhancement of Na+ uptake and/or reduction of Na+ ef-
flux to counteract the accelerated net Na+ loss commonly seen in acidic
water. Overall, the results do not support our hypotheses with respect to
the effects of natural DOM on Na+ homeostasis, but revealed some
marked effects of both low pH and various DOMs on nitrogenous waste
excretion in D. magna. The current study differs from previous studies
in this area on daphnids (Glover and Wood, 2005a; Glover et al., 2005)
in exploring a wide range of natural DOMs, and in relating the observed
effects to the chemical properties of the various DOMs as revealed by
their buffering capacities and PBI values (Al-Reasi et al., 2013).

2. Materials and methods

2.1. Test organisms

Daphnia magna, a widely used freshwater crustacean in ecotoxico-
logical and physiological research, was employed as a model organism
in the present study. The original D. magna adults were acquired from
Aquatic Research Organisms (ARO, Hampton, NH, USA) and cultured
for several generations under laboratory conditions (at ~23 °C with a
12 h light: 12 h dark photoperiod) in dechlorinated Lake Ontario
water (city of Hamilton tap water). The water has the following chem-
istries; [Na+] = ~0.7 mM, [Ca2+] = ~1.0 mM, [Mg2+] = ~0.3 mM,
[DOC] = 2.5 ± 0.4 mg C L−1 and pH ~7.5–8.0 (Al-Reasi et al., 2012).
Thirty two to 35 organisms were reared in 650 mL of dechlorinated
water which was renewed by 500 mL replacement with fresh water
twice per week. The daphnids were fed once per day with unicellular
green algae (Selenastrum capricornutum) and YCT (Yeast, CEROPHYLL®,
and Trout chow). All experiments were performed on adult daphnids
(5 to 6 days old); animals were starved for 24 h prior to experimenta-
tion and were not fed during exposures.

2.2. Dissolved organic matter (DOM) solutions

Four different DOM sources were tested, 3 of which were natural
isolates (ranging from autochthonous to allochthonous) which were
collected by reverse-osmosis from Lake Ontario (LO), Bannister Lake
(BL) and Luther Marsh (LM). Details of collection and treatment of
these DOMs are provided in Al-Reasi et al. (2012). A commercially avail-
able Aldrich humic acid (AHA, Sigma–Aldrich Chemical, St. Louis, MO,
USA), which has been extensively used as a DOM analogue in earlier
studies (e.g. Glover et al., 2005; Glover andWood, 2005a) was included
for comparison. Absorbance and fluorescence properties of DOMs are
provided in detail elsewhere (Al-Reasi et al., 2012). In brief, of the
three natural DOMs, LO is the most lightly colored and autochthonous,
whereas LM is the darkest and allochthonous. All DOM solutions (at
DOC concentrations of 6 and 12 mg C L−1) were prepared using
dechlorinated city of Hamilton tapwaterwhichwas employed as a con-
trol (no external DOMadded). These concentrations liewithin the range
(1–15 mg C L−1) of DOM levels commonly reported for the natural sur-
facewaters (Thurman, 1985). Since the addition of reverse-osmosis col-
lected DOM isolate has the potential to change concentrations of ions,
especially sodium (Na+) and calcium (Ca2+), all exposure solutions in-
cluding control were checked and balanced for Ca2+ and Na+ levels.
Maintaining similar ion levels for all treatments was essential, as
for example Ca2+ is known to play a role in regulating membrane per-
meability (McDonald and Rogano, 1986) and affecting Na+ uptake
in a concentration-dependent manner (Glover and Wood, 2005b).
Therefore, appropriate amounts of calcium carbonate (CaCO3 salt,
Sigma–Aldrich) and sodium chloride (NaCl salt, Caledon Laboratories
LTD, Georgetown, ON, Canada) were added to each solution. Because
of the low solubility of CaCO3, all solutions were bubbled overnight
with pure carbon dioxide (CO2, Air Liquide Canada Inc., Burlington,
ON, Canada). The next day, the solutions were vigorously bubbled
with air for 24 h to remove excess CO2. About 16–20 h before exposure,
each solutionwas initially adjusted to the desired pH (7–8 or ~5) by ad-
dition of diluted H2SO4 solution (made from 95–98% H2SO4, ACS speci-
fication, Caledon Laboratories LTD, Georgetown, ON, Canada) or/and
KOH solution (made fromKOH crystal, ACS specification, Caledon Labo-
ratories). An SP70 portable pH meter with Ag/AgCl pH electrode (VWR
sympHony, VWR International, Beverly, MA, USA) was employed
throughout. In all these steps, solutions were stored in foil-wrapped
plastic bottles to minimize the degradation of DOM due to light expo-
sure. The Na+ transport and whole body Na+ concentration were eval-
uated at both DOC concentrations (6 and 12 mgC L−1), but nitrogenous
waste excretion rates were examined only at 6 mg C L−1.

2.3. Whole body sodium concentrations

Ten D. magna adults were transferred individually into 100 mL of
each exposure solution. The duration of the exposure was 24 h. The
pH was checked and adjusted before the introduction of the organisms.
Two pH readings for each solutionwere taken at the start and the end of
the exposure at pH≥7 and approximately every 2–3 h for experiments
at pH ~5 during the light period. The pH was not adjusted in the dark
period but the change in pH was within 0.2–0.3 units. Tables 1 and 2
summarize chemistry of the exposurewater. Nomortalitywas recorded
over the 24 h exposure in all tested DOM sources. At the end of the ex-
posure, individuals were counted, removed and rinsed in deionized
water (≥17.5 MΩ cm; Barnstead Nanopure II, Thermo Scientific
Barnstead, NH, USA) for 30 s. Then, organisms were blotted dry on
Whatman® No. 1 filter paper. All daphnids were then placed individu-
ally into pre-weighed micro-centrifuge tubes, which were weighed
again using an UMT2 electronic microbalance (Mettler-Toledo AG, Lab-
oratory andWeighing Technologies, Greifensee, Switzerland). Themass
of D.magnawas expressed as mgwet weight. Each individual was then
digested by the addition of 15 μL of concentrated trace metal grade
HNO3 (67–70% HNO3, Fisher Scientific, Fairlawn, NJ, USA) and placed
in an oven for 4 h at ~65 °C in a sealed micro-centrifuge tube. Then,
450 μL of deionized water was added to the digested individual
and the micro-centrifuge tube was mixed on a Vortex Genie 2 Shaker
(Scientific Industries, Bohemia, NY, USA). The solution was then



Table 1
Water chemistry of the exposurewater andmass of the organisms (mean ± standard error, n) used for examining the influence of dissolved organicmatter (DOM) on sodiummetabolism
and excretion of nitrogenous wastes by D. magna at 6 mg C L−1 DOC.

Treatment Series pH Mass (mg wet wt.) Na+ (mM) Ca2+ (mM) DOC (mg C L−1)

Acidic Circumneutral Acidic Circumneutral

CON Whole body-Na+ 5.23 ± 0.13 (8) 7.80 ± 0.03 (5) 0.99 ± 0.08 (8) 1.23 ± 0.12 (14) 0.93 ± 0.01 (6) 1.45 ± 0.02 (7) 2.26 ± 0.03 (8)
Na+-efflux rate 5.08 ± 0.09 (8) 7.79 ± 0.01 (6) 1.22 ± 0.14 (6) 1.29 ± 0.09 (17)
Na+-influx rate 5.26 ± 0.13 (8) 7.67 ± 0.10 (5) 0.94 ± 0.06 (9) 0.96 ± 0.06 (20)
Nitrogen excretion 5.15 ± 0.06 (30) 7.80 ± 0.01 (16) 0.52 ± 0.04 (5) 0.71 ± 0.01 (5)

LO Whole body-Na+ 5.17 ± 0.14 (8) 7.68 ± 0.06 (6) 1.20 ± 0.16 (10) 1.05 ± 0.07 (9) 0.94 ± 0.02 (9) 1.40 ± 0.01 (6) 6.83 ± 0.08 (6)
Na+-efflux rate 5.18 ± 0.13 (9) 7.70 ± 0.07 (6) 1.43 ± 0.15 (8) 1.34 ± 0.10 (8)
Na+-influx rate 5.11 ± 0.11 (8) 7.53 ± 0.12 (6) 0.87 ± 0.07 (10) 1.11 ± 0.09 (9)
Nitrogen excretion 5.13 ± 0.07 (27) 7.68 ± 0.03 (20) 0.53 ± 0.07 (5) 0.69 ± 0.02 (5)

BL Whole body-Na+ 5.02 ± 0.07 (7) 7.75 ± 0.01 (4) 1.15 ± 0.05 (10) 1.08 ± 0.09 (8) 0.91 ± 0.01 (6) 1.44 ± 0.10 (6) 6.61 ± 0.15 (4)
Na+-efflux rate 5.16 ± 0.12 (8) 7.73 ± 0.01 (5) 1.25 ± 0.06 (8) 1.11 ± 0.04 (9)
Na+-influx rate 5.07 ± 0.06 (7) 7.52 ± 0.12 (4) 0.91 ± 0.08 (8) 0.75 ± 0.07 (10)
Nitrogen excretion 5.06 ± 0.05 (23) 7.74 ± 0.01 (15) 0.71 ± 0.08 (4) 0.60 ± 0.04 (5)

LM Whole body-Na+ 5.06 ± 0.07 (9) 7.76 ± 0.01 (4) 0.90 ± 0.07 (10) 0.95 ± 0.10 (10) 0.93 ± 0.00 (6) 1.43 ± 0.01 (6) 5.73 ± 0.06 (6)
Na+-efflux rate 5.16 ± 0.10 (10) 7.73 ± 0.01 (5) 1.41 ± 0.12 (7) 1.01 ± 0.06 (9)
Na+-influx rate 5.13 ± 0.07 (9) 7.52 ± 0.12 (4) 1.01 ± 0.06 (9) 0.88 ± 0.12 (8)
Nitrogen excretion 5.08 ± 0.04 (30) 7.73 ± 0.00 (15) 0.41 ± 0.02 (5) 0.61 ± 0.02 (5)

AHA Whole body-Na+ 5.16 ± 0.12 (7) 7.77 ± 0.01 (4) 1.01 ± 0.11 (10) 0.90 ± 0.06 (7) 0.94 ± 0.01 (6) 1.54 ± 0.05 (6) 5.11 ± 0.71 (4)
Na+-efflux rate 5.08 ± 0.07 (8) 7.78 ± 0.01 (5) 1.23 ± 0.15 (7) 1.51 ± 0.19 (8)
Na+-influx rate 5.15 ± 0.08 (8) 7.58 ± 0.10 (4) 0.87 ± 0.10 (10) 1.15 ± 0.10 (10)
Nitrogen excretion 5.10 ± 0.05 (24) 7.76 ± 0.01 (15) 0.54 ± 0.08 (4) 0.67 ± 0.04 (5)

CON-control (dechlorinated tapwater with no added DOM from exogenous source); DOM isolates from Lake Ontario (LO), Bannister Lake (BL), LutherMarsh (LM) and Aldrich humic acid
(AHA) were added to dechlorinated water for the other treatments.
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transferred to a pre-weighed 2.0 mL centrifuge tubewhere it was dilut-
ed to a total volume of ~1.5 mL using the deionized water. All tubes
were weighed again in order to determine the exact volume of the
solution, and then assayed for Na+ concentration (see below). The fac-
tor 1.25 was used to correct the final whole body concentration
for water trapped by the carapace as suggested by Stobbart et al.
(1977). The whole-body Na+ concentration of D. magnawas expressed
as μmol mg−1 wet mass.

2.4. Sodium influx rate

Ten organisms were exposed to 1.25 μCi of radioactive 22Na+ as
NaCl (Eckert and Ziegler isotope products, Valencia, CA, USA) in 10 mL
of solution for 1.0 h. The pH of the exposure solutions was checked
and adjusted as necessary according to the target pH (7–8 or ~5). Ion
concentrations and pH of the exposure water are presented in
Tables 1 and 2. After 1 h, individuals were rinsed individually in a high
Na+ “cold displacement” solution (1.0 M NaCl) for 10 s to displace
Table 2
Water chemistry of the exposurewater andmass of the organisms (mean ± standard error, n) u
of D. magna at 12 mg C L−1 DOC.

Treatment Series pH Mass (mg we

Acidic Circumneutral Acidic

CON Whole body-Na+ 5.18 ± 0.08 (13) 7.49 ± 0.22 (6) 1.23 ± 0.05
Na+-efflux rate 5.16 ± 0.16 (5) 7.74 ± 0.13 (10) 0.96 ± 0.16
Na+-influx rate 5.16 ± 0.10 (8) 7.72 ± 0.17 (8) 0.98 ± 0.12

LO Whole body-Na+ 5.04 ± 0.04 (13) 7.04 ± 0.11 (4) 1.09 ± 0.09
Na+-efflux rate 5.14 ± 0.08 (6) 7.42 ± 0.15 (4) 0.92 ± 0.05
Na+-influx rate 5.06 ± 0.07 (9) 7.24 ± 0.03 (3) 1.13 ± 0.16

BL Whole body-Na+ 5.06 ± 0.03 (13) 7.10 ± 0.15 (4) 1.33 ± 0.09
Na+-efflux rate 5.07 ± 0.08 (6) 7.40 ± 0.16 (4) 0.98 ± 0.07
Na+-influx rate 5.10 ± 0.05 (9) 7.33 ± 0.10 (3) 1.04 ± 0.13

LM Whole body-Na+ 5.06 ± 0.03 (13) 7.07 ± 0.10 (4) 1.26 ± 0.08
Na+-efflux rate 5.16 ± 0.10 (5) 7.45 ± 0.16 (4) 0.93 ± 0.07
Na+-influx rate 5.08 ± 0.07 (8) 7.21 ± 0.05 (3) 1.12 ± 0.08

AHA Whole body-Na+ 5.08 ± 0.04 (13) 7.16 ± 0.15 (4) 1.20 ± 0.10
Na+-efflux rate 5.12 ± 0.09 (6) 7.41 ± 0.17 (4) 0.93 ± 0.07
Na+-influx rate 5.02 ± 0.04 (9) 7.36 ± 0.14 (3) 1.07 ± 0.10

CON-control (dechlorinated tapwater with no added DOM from exogenous source); DOM isola
(AHA) were added to dechlorinated water for the other treatments.
any 22Na+ ions adsorbed to the surface of the organism, followed by a
rinse in deionised water for 30 s as suggested by Stobbart et al. (1977)
and Glover et al. (2005). The exposure solutions were also sampled. Or-
ganisms and water samples were analysed directly for 22Na+ gamma
radioactivity, as counts perminute (cpm) using a “Wizard 3” 1480 auto-
matic gamma counter (Perkin-Elmer, Woodbridge, ON, Canada). The
unidirectional Na+ influx rate (Jin) was calculated based on the amount
of radioactivity incorporated into the organism (Glover et al., 2005):

Jin ¼ cpm
SA�m� t

where cpm is the counts perminute of each individual, SA is the specific
radioactivity of the exposurewater (cpm/μmol),m is themass of the or-
ganism (g) and t is the time of exposure (h). In this calculation, themass
of each individual was divided by 1.25 to correct for water trapped by
the carapace (Stobbart et al., 1977).
sed for examining the influence of dissolved organicmatter (DOM) on sodiummetabolism

t wt.) Na+ (mM) Ca2+ (mM) DOC (mg C L−1)

Circumneutral

(9) 1.40 ± 0.05 (19) 1.23 ± 0.02 (9) 1.85 ± 0.05 (9) 2.12 ± 0.11 (11)
(6) 1.20 ± 0.07 (19)
(9) 1.08 ± 0.11 (20)
(9) 1.36 ± 0.08 (10) 1.18 ± 0.03 (8) 1.81 ± 0.03 (8) 12.85 ± 0.16 (6)
(6) 1.39 ± 0.07 (8)
(9) 0.91 ± 0.12 (9)
(10) 1.28 ± 0.04 (10) 1.20 ± 0.02 (7) 1.90 ± 0.04 (8) 12.77 ± 0.30 (6)
(7) 1.41 ± 0.09 (9)
(9) 0.90 ± 0.11 (10)
(11) 1.40 ± 0.10 (10) 1.24 ± 0.02 (8) 1.90 ± 0.04 (8) 11.18 ± 0.09 (6)
(8) 1.52 ± 0.08 (10)
(9) 0.94 ± 0.17 (9)
(10) 1.36 ± 0.11 (10) 1.23 ± 0.02 (8) 1.87 ± 0.04 (8) 12.38 ± 0.25 (7)
(6) 1.59 ± 0.08 (9)
(10) 0.84 ± 0.17 (8)

tes from Lake Ontario (LO), Bannister Lake (BL), LutherMarsh (LM) and Aldrich humic acid
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2.5. Sodium efflux rate

Daphnids were incubated in 1.0 L of dechlorinated water inoculated
with 50–100 μCi of radioactive 22Na+ for 24 h before experimentation.
Preliminary experiments demonstrated that this was sufficient time for
complete equilibration of 22Na+ with the internal Na+ pool. Thereafter,
each individual was first rinsed in fresh dechlorinated water and imme-
diately in deionized water for 1 min. This ensured the removal of any
excess 22Na+ adsorbed to the surface of the organism or in the water
trapped by the carapace. Then each daphnid was individually placed
in 1.5 mL of each exposure solution (see Tables 1 and 2 for chemistry
of the exposure water) and allowed to undergo efflux for 2 h. In prelim-
inary experiments, it was found that this time period ensured a relative-
ly abundant amount of radioactivity appearing in the external water
(i.e. each individual had effluxed ≥100 cpm, whereas the background
was≤10 cpm), while avoiding significant recycling of the radioisotope.
At the end of the exposure, 1 mL of the water was sampled and
D.magna individualswere processed as above forwhole-bodyNa+ con-
centration and their weights were corrected as described above for the
influx experiments. Radioactivity of individuals and exposure water
samples were measured and the unidirectional Na+ efflux rate (Jout)
was calculated based on the appearance of 22Na+ radioactivity in the
exposure water (Glover et al., 2005):

Jout ¼
cpm

SA�m� t

where cpm is the total counts per minute of the 1.5 mL exposure
water for each individual, SA is the specific radioactivity of the organism
(cpm/μmol), m is the corrected mass of the organism (g) and t is the
time of exposure (h).

2.6. Nitrogenous waste excretion rates

This series required higher volumes of solution so experiments were
performed at only one concentration of DOC (6 mg C L−1) because
there was not enough of some of the DOM isolates available to run the
exposures at the higher DOC concentration (12 mg C L−1). Five D.
magna individuals were transferred into 12 mL of each exposure solu-
tion, representing n = 1. The experiment was repeated 4–5 times
(n = 4–5). As detailed above for whole body Na+ experiments, pH
was maintained at the desired levels (7–8 or ~5) during the course of
the exposure. TwomLwater samples were obtained 10 min after intro-
duction of the organisms and after 24 h. The samples were frozen im-
mediately after collection and kept at −20 °C until chemical analysis.
The excretion rates (Jx) of ammonia or urea were calculated as follow:

JX ¼
Txf−Txi
� �

� V

m� t

where Txf and Txi are final and initial concentrations of ammonia or
urea, respectively, V is the volume of the exposure chamber, m is the
corrected mass of the organism (g) and t is the time of exposure (h).
The basal ammonia levels in the 6 mg C L−1 were determined before
the start of the experiments. Background ammonia concentrations
were at or below control levels (1.27 μM) and in almost all DOM treat-
ments were not detected. In addition, preliminary no-organism control
exposureswere carried out in solutions of LO (themost autochthonous)
and LM (the most allochthonous) as well as control for 24 h to account
for possible ammonia production due to bacterial activity or abiotic
DOM degradation. The concentrations were similar to the background
reported above indicating negligible contribution to the measured pro-
duction due to the presence of the test organism. Note that in all these
experiments, assays for ammonia and urea employed blanks and
standardsmade up in the respective solutions so as to account for absor-
bance originating from DOM itself.
2.7. Chemical analyses

Since each of the exposure solutions was prepared in one batch for
all experimental series, water samples for measurements of Na+,
Ca2+, and DOC concentrations were averaged for all experiments.
Water samples for DOC analysis were filtered through 0.45-μm
Acrodisc® syringe filter (Pall Corporation, Ann Arbor, MI, USA). The
total DOC concentration in water samples was measured directly
using a Shimadzu TOC-VCPH/CPN total organic carbon analyzer
(Shimadzu Corporation, Kyoto, Japan). Whole body Na+ concentration
of D. magna and Na+ and Ca2+ concentrations of the water samples
were determined using flame atomic absorption spectrometry
(SpectroAA220FS, Varian, Mulgrave, Australia). The reproducibility of
the flame spectrometer and TOC analyzer was assured using certified
standards diluted according to the manufacturers' manuals. Total am-
monia and urea concentrations in water were determined in triplicate
via spectrophotometry according to methods of Verdouw et al. (1978)
and Rahmatullah and Boyde (1980), respectively, using a SpectraMAX
340pc microplate reader (Molecular Devices, Sunnyvale, CA, USA). For
these assays, blanks and standards were prepared in 6 mg C L−1 solu-
tions of each DOM isolate to account for any color due to the presence
of DOM.

2.8. Buffering capacity and Proton Binding Index

Buffering capacity refers to quantification of the capacity, based on
chemical behavior, of an aqueous solution to maintain stable pH and
thereby minimize changes in H+ and OH− concentrations when acids
or bases are added. The greater the stabilizing capacity, the greater the
buffering capacity. Acid–base titrations of these DOM isolates have
been presented recently (Al-Reasi et al., 2013). These acid–base titration
data were utilized to estimate proton binding capacities (pKa) and their
site densities (LT) as described in detail by Smith and Ferris (2001). The
buffer capacity (β) of the organic acid was determined at specific pH
(and corresponding [H+]) values using the following equation for
monoprotic acids (Stumm and Morgan, 1996):

β ¼ 2:303
Xn

i¼1

LTiKai H
þ� �

Kai þ Hþ½ �ð Þ2
 !

using the summation across all n Kai values (dissociation constants) with
associated LTi values (site densities in μmolmg−1)where [H+] is the pro-
ton concentration. The calculated β is in units of μmol pH−1 mg C−1. To
determine β (μmol pH−1 L−1) for specific samples, this value was mul-
tiplied by the measured DOC concentration (mg C L−1).

The Proton Binding Index (PBI) for each sample was calculated
from the acid–base titration data, as described in detail by Al-Reasi
et al. (2013). PBI is unitless, and is a function of the measured acid,
base and intermediate proton binding capacities of a DOM isolate.
In general PBI values should be less than 1.0 and high values would
represent a stronger potential for chemical reactivity, such as binding
to membranes.

2.9. Statistical analyses

Statistical analyses were conducted using SigmaStat for Windows
(Version 3.5, Systat Software, Inc., Point Richmond, CA, USA). Before ap-
plying the appropriate statistical techniques, normality and homogene-
ity of variance of data were checked by the Kolmogorov–

Smirnov test and Levene median test, respectively. Two-way analy-
sis of variance (ANOVA) was employed to check for the contribution of
DOM sources, pH or the interaction between DOM treatment and pH on
the each measured endpoint (i.e. whole body Na+ concentration, Na+

influx and efflux rates and ammonia and urea excretion rates). Student's
two-tailed t-test was used to check for differences in responses between
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6 and 12 mg C L−1 at each pH condition for Na+ data. When the as-
sumptions of the normal distribution and homogeneity of variance
were violated, data were first transformed on base 10 logarithmic
scale (log10) and then the ANOVA and/or t-test were performed.
When significant differences were detected, the ANOVA was followed
by a multiple post hoc comparison test (Tukey's test). Values have
been reported as means ± 1 standard error (n) and significance was
established at the 0.05 level. At this significance level, the effect size
(correlation coefficient, r for t-tests, and omega, ω for ANOVAs), as a
measure of the observed biological effect, was calculated for each statis-
tical test.
3. Results

3.1. The influence of DOM on whole-body Na+ concentration

Daphnids exposed to 6 mg C L−1 DOC (Fig. 1A) had similar whole-
body Na+ concentrations to that of controls (i.e. no external DOM
added) regardless of treatment (i.e. DOM sources) (F4, 86 = 0.385, p =
0.819, ω = 0.000, two-way ANOVA) or pH conditions (F1, 86 = 1.973,
p = 0.164, ω = 0.000, two-way ANOVA). Similarly, no main effect
was found for treatment or pH in the presence of 12 mg L−1 (F4, 98 =
1.258, p = 0.292, ω = 0.221; F1, 98 = 0.001, p = 0.977, ω = 0.000,
two-way ANOVA, respectively, Fig. 1B). At both DOC levels (6 and
12 mg C L−1), any interaction between the two factors on whole body
Na+ concentration was ruled out (F4, 86 = 2.054, p = 0.094, ω =
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Fig. 1. Whole body Na+ concentration (μmol mg−1 wet weight) of D. magna in the
absence (CON, no added DOM) or presence of DOMs added at (A) 6 mg C L−1 and
(B) 12 mg C L−1 DOC at circumneutral pH 7–8 (white bars) and low pH ~5 (black bars).
Plotted values represent themean ± standard errors for n = 7 – 14 of 5–6 day old adults.
Within a pH, bars sharing the same letter (upper case for pH 7–8, lower case for pH~5) are
not significantly different. Asterisks indicate significant differences between pH's within
the same DOM treatment.
0.329; F4, 98 = 0.230, p = 0.921, ω = 0.000, two-way ANOVA, respec-
tively). Comparing the effect of DOC concentrations at the same
pH conditions, daphnids maintained similar whole body Na+ concentra-
tions irrespective of the treatment. The only exception was at the higher
AHA concentration where daphnids at circumneutral pH at 12 mg C L−1

(Fig. 1B) had a lower Na+ concentration relative to those in 6 mg C L–1

(Fig. 1A) (t = −3.400, df = 15, p b 0.01, r = 0.660, Student's t-test).
3.2. The influence of DOM on Na+ influx

Similar to the controls, the influx rates of D. magna adults were not
statistically different among DOM sources (F4, 93 = 1.827, p = 0.130,
ω = 0.000, two-way ANOVA) or pH's tested (F1, 93 = 1.810, p =
0.182, ω = 0.000, two-way ANOVA) in the presence of 6 mg C L−1

(Fig. 2A). Moreover, no interaction was detected between treatments
and pH conditions to influence the Na+ influx rates of the organisms
(F4, 93 = 1.890, p = 0.119, ω = 0.276, two-way ANOVA). In exposure
chambers containing 12 mg C L−1, while no influence was observed
for treatment alone (F4, 92 = 1.193, p = 0.319, ω = 0.000, two-way
ANOVA) or for the interaction between treatment and pH (F4, 92 =
1.476, p = 0.216,ω = 0.195, two-way ANOVA), there was a significant
effect of pH alone on the Na+ influx rate (F1, 92 = 6.946, p b 0.050,
ω = 0.293, two-way ANOVA). The post hoc multiple comparisons
(Tukey's test) revealed that control D. magna individuals under acidic
conditions had a significantly higher average Na+ influx rate than
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same DOM treatment.
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those in the circumneutral conditions (Fig. 2B). All other comparisons
were not significant. When the two DOM concentrations (6 versus
12 mg C L−1) were compared, higher uptake rates were found for
D. magna individuals at 12 mg C L−1 in LM (t = −3.564, df = 16,
p b 0.01, r = 0.665, Student's t-test) and AHA (t = −3.943, df = 18,
p b 0.01, r = 0.681, Student's t-test) at low pH and in LO (t = −2.293,
df = 16, p b 0.05, r = 0.497, Student's t-test) and AHA (t = −3.414,
df = 16, p b 0.01, r = 0.649, Student's t-test) at circumneutral pH.

3.3. The influence of DOM on Na+ efflux

There were no significant differences in Na+ efflux rates recorded
among various DOM treatments (F4, 77 = 0.815, p = 0.520, ω = 0.000,
two-way ANOVA), pH circumstances (F1, 77 = 0.551, p = 0.460, ω =
0.000, two-way ANOVA) or even for the interaction between the two
(F4, 77 = 1.819, p = 0.134, ω = 0.303, two-way ANOVA) when the or-
ganismswere exposed to 6 mg C L−1 (Fig. 3A). In the 12 mg C L−1 treat-
ments, Na+ efflux rates tended to be higher, generally in acidic waters,
but this was also true for the controls, so the differences could not be
attributed to the effects of DOM (Fig. 3B). As at 6 mg C L−1, no significant
differences among the different treatments were observed in the
presence of 12 mg C L−1 (F4, 78 = 0.961, p = 0.434, ω = 0.199, two-
way ANOVA). Although there was not a statistically significant interac-
tion between the treatment and pH (F4, 78 = 0.098, p = 0.983, ω =
0.000, two-way ANOVA), there were statistically significant differences
(F1, 78 = 12.022, p b 0.001, ω = 0.467, two-way ANOVA) within the
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Fig. 3. Na+ efflux rates (μmol g−1 h−1) of D. magna in the absence (CON, no added DOM)
or presence of DOMs added at (A) 6 mg C L−1and (B) 12 mg C L−1DOC at circumneutral
pH 7–8 (white bars) and low pH ~5 (black bars). Plotted values represent the mean ±
standard errors for Na+ efflux rates over 2 h of n = 6 – 19 of 5–6 day old adults. Within
a pH, bars sharing the same letter (upper case for pH 7–8, lower case for pH ~5) are not
significantly different. Asterisks indicate significant differences between pH's within the
same DOM treatment.
DOM treatments at the two pH's (Fig. 3B). Specifically, daphnids
present in LO at low pH had significantly higher Na+ efflux rates than
those at circumneutral pH (Fig. 3B). Comparing the two DOC concentra-
tions, organisms in the presence of LO (t = −5.153, df = 12, p b 0.01,
r = 0.830, Student's t-test) and LM (t = −2.376, df = 13, p b 0.05,
r = 0.550, Student's t-test) experienced higher Na+ efflux rates in
12 mg C L−1 relative to 6 mg C L−1 at pH ~5. Similarly, at pH 7–8,
higher efflux rate was observed in the presence of AHA at 12 relative to
6 mg C L−1(t = −2.485, df = 15, p b 0.01, r = 0.540, Student's t-test).

3.4. The influence of DOM on ammonia and urea excretion

In controls (i.e. no added DOM), D. magna had a higher average am-
monia excretion rate of 4.21 ± 0.24 μmol g−1 h−1 at lowpHcompared
to that of 2.20 ± 0.16 μmol g−1 h−1 at circumneutral pH (t = −6.954,
df = 8, p b 0.001, r = 0.926, Student's t-test; Fig. 4A). Likewise, urea
excretion rates were 0.51 ± 0.05 and 0.24 ± 0.00 μmol g−1 h−1 for
acidic and circumneutral conditions, respectively (Fig. 4B). Overall,
these order of magnitude differences between ammonia and urea ex-
cretion rates were consistent across treatments. Therefore, on a unit N
basis (i.e. 2 N per urea molecule), urea-N excretion rates were about
20% of ammonia-N excretion rates.

The two-way ANOVA demonstrated that ammonia excretion rates
of D. magna were significantly affected by both DOM source and pH
condition and their interaction (F4, 38 = 23.236, p b 0.001, ω = 0.555;
F1, 38 = 48.891, p b 0.001, ω = 0.704; F4, 38 = 2.846, p b 0.05, ω =
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Fig. 4. Ammonia excretion rates (A) and urea excretion rates (B) of D. magna in the ab-
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0.236, respectively, Fig. 4A). For example, at circumneutral pH, organ-
isms demonstrated similar excretion rates in all treatments except
those in LM where the average rate was substantially lower (19–23% of
rates in other treatments, p-values b 0.005 by Tukey's test, Fig. 4A). At
pH ~5, ammonia excretion rates were significantly increased relative to
pH 7–8 in all treatments, including the controls; the differences were
significant in all groups (Fig. 4A). At pH ~5, lower ammonia excretion
rates were observed in the presence of every DOM source relative to
the control treatment (p-values b 0.005 by Tukey's test, Fig. 4A). Inter-
estingly, daphnids in the presence of LM experienced a drastic reduction
in the ammonia excretion relative to control, BL and AHA treatments
(Fig. 4A).

No effectwas found for various DOM treatments on urea excretion at
circumneutral pH (F4, 38 = 1.643, p = 0.184, ω = 0.000, two-way
ANOVA). However, effects in some treatments seemed to be dependent
on the pH condition as illustrated by the statistical significance of the
interaction between the treatment and pH (F4, 38 = 3.397, p b 0.05,
ω = 0.421, two-way ANOVA). Interestingly, daphnids in BL and LM
had significantly lower urea excretion rates than control at the acidic
pH (p-values ≤ 0.05, Student's t-test, Fig. 4B). Moreover, pH alone
appeared to influence the excretion significantly (F1, 38 = 38.540,
p b 0.001, ω = 0.722, two-way ANOVA). As with ammonia excretion
rates, D. magna individuals exhibited substantially higher urea excre-
tion rates in acidic media of CON, LO and AHA (p-values ≤ 0.05,
Student's t-test, Fig. 4B) compared to the excretion rates in the corre-
sponding circumneutral pH solutions.

3.5. The influence of DOM on water buffering capacities

Buffering capacities (β values) were higher in the presence of DOM
isolates than the controls (Fig. 5). Overall, pH ~5 samples demonstrated
consistently higher buffering capacity than pH 7–8 samples, though this
was not true for AHA. Significant differences were observed for β be-
tween treatments (F4, 74 = 67.348, p b 0.001, ω = 0.665, two-way
ANOVA) and pH (F1, 74 = 96.305, p b 0.001, ω = 0.517, two-way
ANOVA). In addition, the buffering capacity was significantly impacted
by the interaction between the treatment and pH (F4, 74 = 10.978,
p b 0.001, ω =0.395, two-way ANOVA). In general, β values were
greatest in BL, followed by LM.

4. Discussion

4.1. Sodium metabolism

The whole-body Na+ concentrations, as well as the unidirectional
Na+ influx and efflux rates reported here either in control treatments
(no added DOM) or in the presence of the DOMs were comparable to
those found by Glover et al. (2005) and Glover and Wood (2005a,b)
for the same species. In our study, D. magna in both circumneutral and
low pH's had very similar whole-body Na+ concentrations (Fig. 1),
and generally similar unidirectional influx (Fig. 2) and efflux rates
(Fig. 3). Nevertheless, there was a tendency for higher rates of both in-
flux and efflux at the lower pH (i.e. an increase in Na+ turnover rates),
though this was not significant inmost treatments. This cladoceran spe-
cies has been generally reported to experience reduction in whole body
Na+ concentrations only under extreme lowpH's of ≤4.5 and/or in very
soft water (Potts and Fryer, 1979; Havas et al., 1984; Havas, 1985; Havas
and Likens, 1985). For example, severe inhibition of Na+ uptakewas ob-
served at pH 4.0 in water of comparable Ca2+ concentration (1.0 mM)
to that of the present study (Glover and Wood, 2005b). In laboratory
tests, D. magna appears to successfully regulate Na+ metabolism over
a pH range of 4.6 – 9.0, similar to the range where several Daphnia spe-
cies are reported to be abundant in northern hemisphere lakes (Salonen
and Hammer, 1986).

Overall, the three natural DOMs had negligible impact on Na+ ho-
meostasis. In agreement with the present study, Glover et al. (2005)
similarly found no effect of another DOM isolate from Luther Marsh,
one of the sources (LM) tested in the present study. However, Glover
andWood (2005a) andGlover et al. (2005) reported that AHA stimulat-
ed Na+ influx and tended to raise whole body Na+ concentration at
circumneutral pH inD.magna, whereas our results (albeit under slightly
different water chemistry) showed no effect on these parameters, and
insignificant trends of reduced whole body Na+ concentration
(Fig. 1A) and increased Na+ influx (Fig. 2A) at low pH. In the present
study, the dechlorinated Lake Ontario water had relatively higher
concentrations of Na+ and Ca2+ ions (Tables 1 and 2) than the
reconstituted water in Glover and Wood (2005a) and Glover et al.
(2005). Consistently, no influence was seen on Na+ efflux in the
presence of AHA in this study or in Glover et al. (2005). Furthermore,
at low pH, the presence of AHAwas observed to cause severe exacerba-
tion of the passive Na+ loss of stenohaline freshwater stingrays
(Potamotrygon spp.), while natural DOM protected against this loss
(Wood et al., 2003). At least under the present water chemistry condi-
tions (Tables 1 and 2), the unaltered Na+ uptake (Fig. 2A) may imply
no interference byDOMwith themechanisms responsible for the active
Na+ uptake in D.magna such as the electrogenic 2Na+/1H+ exchanger
(Glover andWood, 2005b; Bianchini andWood, 2008). Acidic pH simu-
lated Na+ influx of D. magna only in the absence of added DOMs
(control, Fig. 2B), implying possible subtle beneficial effects of DOMs
for D. magna in low pH environments since organisms would not need
to accelerate Na+ uptake.

A notable finding of the current study was the confirmation (in
agreement with Glover and Wood, 2005a) that Na+ metabolism of D.
magna adults remained generally unaffected in the presence of the nat-
ural DOMs, regardless of their very different sources and chemistries
(Al-Reasi et al., 2013). Our natural DOMs were obtained by reverse-
osmosis, a method which isolates the organic matter directly from the
natural source water (i.e. Lake Ontario, Bannister Lake or Luther
Marsh) by differential membrane filtration. This method has been
proven to yield representative organic matter from natural waters (De
Schamphelaere et al., 2005). In contrast, commercial AHA and other
commercially available NOMs (e.g. Suwanee River humic acid) are ly-
ophilized. They have distinct aliphatic and aromatic molecular com-
position but similar elemental composition to natural water DOMs
(Malcolm and MacCarthy, 1986). Absorbance and fluorescence spec-
troscopy has demonstrated that AHA deviates substantially from the
natural DOMs utilized in this study in terms of aromatic composition
and pure humic nature compared to natural DOMs which have mixed
humic and fulvic molecular compositions (Al-Reasi et al., 2012).

4.2. Ammonia and urea excretion

The ranges of ammonia and urea excretion rates in this study (Fig. 4)
were higher than the ranges of 0.00–2.94 and 0.10–0.17 μmol g−1 h−1,
respectively, reported for starved D. magna (Wiltshire and Lampert,
1999). This zooplanker (D. magna) liberates ammonia as the dominant
excretory nitrogenous waste followed by urea (Wiltshire and Lampert,
1999) similar to other crustaceans and fish (Weihrauch et al., 2009).
While Na+ homeostasis was not affected by the acidic condition,
lower environmental pH resulted in higher ammonia and urea excre-
tion rates by daphnids relative to circumneutral pH (Fig. 4). One of the
proposedmechanisms of ammonia excretion is passive diffusion of gas-
eous NH3 facilitated by acid trapping (i.e. combining H+ with NH3 to
form ammonium ion, NH4

+) in the water next to ion-transporting epi-
thelia (i.e. boundary layer) (Wilkie, 2002). The pH of this layer is usually
lower than that of the bulk surrounding water (Wright et al., 1988)
and further acidification would result in more ammonia being excreted
as an adaptive response by daphnids to raise boundary layer pH. Alter-
natively, acidic water may be a stressful situation where protein
catabolism ofD.magna is accelerated, resulting in highermetabolic pro-
duction rates of both ammonia and urea, and therefore higher excretion
rates of both N-products.
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The most allochthonous DOM (LM) markedly depressed ammonia
excretion in both acidic and circumneutral pH conditions (Fig. 4). At
the lower water pH, ammonia excretion rates were significantly atten-
uated by the presence of all three natural DOMs and the commercial
AHA (Fig. 4A). On the other hand, D.magna had reduced urea excretion
rates only when exposed to the two allochthonous DOM isolates (BL
and LM) in lower pH media (Fig. 4B). At least in part, the reduction in
ammonia excretion in the presence of the natural DOMs may be attrib-
utable to their ability to raise the buffering capacity of the water, an
effect which is greater at pH ~5 than at circumneutral pH (Fig. 5). The
presence of DOM molecules with higher buffer capacity may ensure
that the pH of the boundary layer (one possible mechanism for ammo-
nia excretion as explained above) can be kept relatively constant. Pub-
lished humic acid titrations demonstrate buffering capacity values
consistentwith those calculated here. For various humic acids, buffering
capacities at pH 5 calculated for 6 mg C L−1 are in the range of 15 to
30 μmol pH−1 L−1 and for pH 7 in the range 7.5 to 15 μmol pH−1 L−1

(Boguta and Sokolowska, 2012). The trend of higher pH samples having
lower buffering makes sense because buffer capacity maxima occur
when the pH = pKa. DOM tends to have more acidic (pKa 4–5) values
than neutral pKa values.

The most highly colored allochthonous source (LM) was intermedi-
ate in its ability to raise the buffering capacity of the water (Fig. 5), yet
was very effective in reducing ammonia excretion at both circumneutral
and acidic pH (Fig. 4A). Daphnids had similar urea excretion rates under
both pH conditions in the presence of BL and LM. This prevention of in-
crease in urea excretion at low pH was not observed with the other
DOMs (Fig. 4B). Among the DOM sources tested, both BL and LM have
high abilities to form strong tridentate complexes as estimated by
their higher Proton Binding Indices (PBI; Al-Reasi et al., 2013). Fig. 6
illustrates the clear correlations between ammonia excretion rates of
D. magna and PBI. The high aromatic content which contributes to the
darker color will also allow closer spacing of functional groups, and
therefore greater multidendate complexation capacity (Al-Reasi et al.,
2013). These characteristics contribute to higher chemical reactivities
of the molecules. Indeed, we have predicted that DOMs with higher
PBI values should interact more strongly with functional groups on
the external physiological membranes of aquatic animals (Al-Reasi
et al., 2013). In particular, the potency of LM in attenuating nitrogenous
waste excretion in daphnids supports this prediction. One possibility is
the direct interaction of DOM molecules with ammonia transporters
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(e.g. Rhesus proteins as transporters for NH3/NH4
+) proposed for ammo-

nia excretion in aquatic organisms including crustaceans (Weihrauch
et al., 2009).

In the presence of various DOM sources, the highly variable physio-
logical responses (e.g. unaffected Na+ regulation and depressed ammo-
nia excretion in acidic media) of D. magna may suggest that this
organism has developed adjustments to deal with the changes in the
structure and composition of aquatic DOM over time. Such adaptations
have been observed for D. magna for other characteristics, such as the
development of toxicity resistance to metals (Ward and Robinson,
2005). Cellular components responsible for chemical traffic in this crus-
taceanwould have evolved in concert with exposure to DOM sources of
certain quality, similar to co-evolutionwith other importantwater qual-
ity components such as hardness, alkalinity, major ions, and pH. Indeed,
DOM concentration and quality (i.e. sources) and pH are vital water
chemistry factors influencing several phenomena of freshwater animals
including D. magna. Both factors act as toxicity modifying factors for
several metals (e.g. Heijerick et al., 2003; Al-Reasi et al., 2011) and im-
pact the ammonia excretion as illustrated in the current study, particu-
larly in the combined condition of low pH and in the presence of
allochthonous DOM sources. Possible variation in response to DOMs as
a result of co-evolution of organismswith specific DOMs in specific hab-
itats is worthy of future study.
4.3. Future perspectives

It is noteworthy that the effects of natural DOMs in depressing am-
monia excretion at low pH in D. magna are exactly opposite those re-
ported in one study on a freshwater stingray species where natural,
highly allochthonous DOM greatly raised ammonia excretion rate at
low pH (Wood et al., 2003). Furthermore, natural DOMs had marked
positive effects on ionoregulation in several species of fish at low pH
(Gonzalez et al., 1998, 2002; Wood et al., 2003; Matsuo et al., 2004),
while such effects were not generally seen in daphnids. At present it is
unclear why these responses differ, and whether the different response
patterns in D. magna are adaptive, as they are thought to be in fish.
Clearly, there is a need for more work in this area on both crustaceans
and fish, using natural DOMswith detailed physico-chemical character-
ization, rather than commercially prepared surrogates.
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