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Abstract
Dissolved organic carbon (DOC) is often related to the brownification of water in continental aquatic
systems and to changes in the physiology of zooplankton organisms. Zooplankton resting eggs are
particularly sensitive to changes in light and chemical characteristics of water, but the physical and
chemical effects associated to DOC on dormant stages have never been tested before. Herein we tested
how DOC affects hatching rates and time to hatching of Cladocera (Diaphanosoma birgei) resting eggs.
In order to analyze the chemical (i.e. toxic) and physical (i.e. light attenuation) effects of DOC on hatching
patterns, resting eggs were exposed to different concentrations of DOC in an experimental design which
isolated chemical from physical effects. We observed higher hatching rates and lower time to hatching at
intermediate DOC concentrations. DOC effects on hatching mainly relied on light attenuation, while
chemical effects were likely of minor importance. We conclude that DOC may change Cladocera
emergence patterns mainly through light attenuation in the water column.

1. Introduction
Freshwater environments worldwide are subjected to an increase in water color through the process
called “brownification”. Brownification is an increase in dissolved organic carbon (DOC) concentration
mainly caused by changes in precipitation and temperature which increase the input of allochthonous
carbon (Evans et al. 2005; Roulet and Moore 2006) and accelerates the decomposition of organic matter
(Weyhenmeyer and Karlsson 2009). Natural DOC concentrations in water bodies vary around 1–30 mg/l,
but in some cases DOC concentration may reach up to 100 mg/l, and in some rare cases can exceed 300
mg/l (Sobek et al. 2007).
About 95% of DOC in aquatic systems are composed by humic substances (HS), a complex and chemical
variable polymer (Ertel and Perdue 1984). HS can affect aquatic ecosystems physically, i.e. by light
attenuation (Jones 1992; Ask et al. 2009), and chemically, i.e. through molecule complexation (Steinberg
et al. 2003) and toxic effects (Vigneault et al. 2000; Saebelfeld et al. 2017). As a result, the increase in
DOC and HS in aquatic systems has been considered an important factor for biodiversity loss (Hedström
et al. 2017; Urrutia-Cordero et al. 2017; Arzel et al. 2020). HS may alter the trophic structure of aquatic
environments through light attenuation by decreasing primary production (Salonen et al. 1992; Hansson
et al. 2013) and by decreasing the detection capacity of visual hunting predators (Santonja et al. 2017).
HS may chemically interfere in aquatic systems by serving as an energy source for bacteria and by
promoting toxic effects in zooplankton (Jansson et al. 1999; Ask et al. 2009). Due to the complex effects
promoted by HS in varying aquatic systems, their effects on aquatic biota can be positive or negative
depending on their chemical composition and concentration and on species identity. For example,
regarding zooplankton organisms, DOC increments can alter vertical migration patterns (Wêgleñska et al.
1997; Karpowicz and Ejsmont-karabin 2018) and some life history traits (Glover et al. 2005; CarvalhoPereira et al. 2015; Cruz et al. 2016).
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Many zooplankton organisms can produce a resting egg able to survive harsh environmental conditions.
Resting eggs usually accumulate in the sediment and create a resting egg bank (Brendonck 1996).
Resting eggs hatch when favorable environmental conditions resume and zooplankton colonize the water
column. Thus, resting egg banks contribute to the maintenance and resilience of aquatic systems.
Resting eggs hatching may be affected by a myriad of factors, but the presence of light is considered the
main trigger for starting egg development (Pancella and Stross 1963; Vandekerkhove et al. 2005;
Ślusarczyk and Flis 2019).
Although resting eggs are acknowledged to survive under many physical and chemical stressors, some
chemical compounds like heavy metals and organic compounds can make resting eggs fail to hatch
(Jiang et al. 2007; Aránguiz-Acuña and Serra 2016). The survival of resting eggs may depend on the
identity and concentration of stressors, and the ability of eggs to withstand stressors is also taxa
dependent (Aránguiz-Acuña et al. 2018). In addition, some compounds do not have direct effects on
organisms, but affect the environment so that organisms are affected indirectly (Relyea and Hoverman
2006; Gessner and Tlili 2016), i.e. the triazine can diminish the phytoplankton biomass which reduces the
abundance of herbivore zooplankton (Kasai and Hanazato 1995). Although DOC can be toxic for some
active zooplankton and promote the “brownification” of aquatic environments, the effects of DOC on
hatching patterns have not been evaluated before.
In this study we seek to evaluate the effects of DOC on hatching patterns of Diaphanosoma birgei
(Cladocera) resting eggs through changes in the chemical and physical properties of water. We
hypothesized that higher DOC concentrations cause chemical stress and at the same time attenuate light
intensity in the water. As a consequence, hatching rates decrease and time to first hatching may increase.
We encountered a predominant effect of light attenuation over chemical stress in the hatching rates of D.

birgei resting eggs exposed to DOC concentrations.

2. Materials And Methods

2.1 Resting eggs
The experiment used resting eggs obtained in sediment samples from an artificial, > 50 year-old lake
located in the city of Seropédica (22o 45’ 56’’S, 43o 41’ 28” W), Rio de Janeiro State, Southeastern Brazil.
The water volume in the lake is exclusively maintained by rain and DOC concentrations vary around 12
mg/l. Sediment was collected in May 2017 with an 8 cm diameter sediment core. Sediment was kept in
the dark under room temperature until the beginning of the experiment (2 months later) as described
below.
Resting eggs were isolated from the sediment using the sugar flotation method (Onbé, 1978;
Vandekerkhove et al., 2004) and separated under a stereomicroscope. A total of 400 healthy-looking
resting eggs of the cladoceran Diaphanosoma birgei (Korinek, 1981) were used. Diaphanosoma resting
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eggs are released without ephippia, thus increasing the exposure of the embryo to light. The resting eggs
were assigned to one of five treatments immediately after isolation from the sediment.

2.2 Dissolved organic carbon
We used water from Atoleiro pond as the source of DOC. Atoleiro is a natural intermittent small pond
formed by the semi-permanent rising of the water table in the sandy soil in the Restinga de Jurubatiba
National Park (22° 13' S and 41° 29' W, Rio de Janeiro State, Brazil). The water of this pond usually
contains large amounts of DOC, with more than 90% of its concentration composed by allochthonous
humic substances, mostly derived from organic matter present in the impermeable soil layer (Suhett et al.
2013). Water from this environment was previously used to evaluate the effects of different DOC
concentrations on the life history of the cladoceran Moina macrocopa (Suhett et al. 2011). After
collection, the water was kept in a dark room to protect the humic DOC from photo-oxidation and filtered
shortly before use through GF/F glass-fiber filters (0.7 µm particle retention) to remove solid particles.
The DOC concentration in water was measured using a high temperature catalytic oxidation analyzer
(Shimadzu TOC 5050) with Pt catalyst at 680oC. A sample with phosphoric acid was purged before
analyses to remove inorganic carbon. Synthetic air was used as carrier gas in the TOC analyzer. The DOC
color measured at 254 nm wavelength was 0.3452 of absorbance (Shimadzu 1700 UV-Vis
spectrophotometry). DOC concentration in the pond water was 123 mg/l.

2.3 Experimental design
Filtered pond water was diluted with mineral water (Minalba®, Brazil) to obtain target concentrations of
50 mg/l and 100 mg/l DOC. The pH of all solutions was adjusted to 7.0 to avoid confounding effects of
pH variability. Flasks of different volumes were used to isolate resting eggs from chemical (i.e. toxic) and
physical (i.e. light attenuation) effects of DOC (Fig. 1). Small flasks (50 mL volume) were used to expose
resting eggs to direct effects of DOC (chemical effects and physical effects) by incubating resting eggs in
water containing the target DOC concentrations, while big flasks (500 mL volume) surrounding small
flasks were used to expose resting eggs to physical effects of DOC. Thus, a small flask was kept inside a
big flask in each replicate without the exchange of water between them. The small flasks were fixed in a
glass structure at the bottom of the big flasks during the experiment (Fig. 1). The experiment design was
composed of five treatments allowing to separate chemical from physical effects of DOC: (A) control
treatment with 0 mg/L DOC (mineral water) in both flasks; (B and D) water with 50 mg/L or 100 mg/l of
DOC in both flasks, respectively. These treatments simultaneously evaluated both chemical and physical
effects of DOC on hatching (“chemical + physical effect”); (C and E) mineral water in the small flask and
water with 50 mg/l or 100 mg/l DOC in the big flask, respectively (Fig. 1). These treatments evaluated
indirect effects of DOC on hatching (“physical” effect) since resting eggs had no direct contact with DOC.
Each replicate received 10 resting eggs from D. birgei and each treatment had 4 replicates, resulting in 20
experimental units. All flasks were kept at 22oC under a 12:12 h-light/dark cycle in a chamber. The small
flasks were observed under a stereoscopic microscope every other day and hatchlings were quantified
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and removed. The experiment lasted 20 days and the last hatchling was observed 12 days after starting
the experiment.
Treatments with DOC in small flasks and mineral water in big flasks were not used because light
attenuation would occur inside the small flasks, so it was not possible to experimentally evaluate the
chemical effects of DOC only. However, the chemical effects of DOC were inferred by comparing
“chemical + physical” effects (treatments B and D) and “physical” effect treatments (C and E) under the
same DOC concentration. If differences were observed, then we could assume it was due to chemical
effects, because all treatments were under the same influence of physical effects.

2.4 Data analysis
We used generalized linear models (GLM) with a quasi-poisson model and log link function to evaluate
the “chemical + physical” and the “physical” effects of DOC in two response variables: hatching numbers
and time for first hatching. First, two independent models were used to evaluate the “chemical + physical”
and the “physical” effects of DOC by comparing treatments A, B and D, and treatments A, C and E,
respectively (Fig. 1). Pairwise comparisons were performed between pairs of treatments when significant
effects were observed. Additionally, treatments with the same DOC concentrations (50 or 100 mg/l) were
compared to evaluate possible chemical effects of DOC (treatments B x D and C x E). If these pair of
treatments did not differ, then we assumed DOC had no chemical effects on hatching patterns. The
significance of the models was assessed using likelihood ratio tests with quasi F-test. A bootstrap
procedure resampling (499 replicates) was previously performed to compare the first hatching time, since
some replicates had no hatching. This procedure was necessary to balance all factor levels (Warton et al.
2016).
All analyses were performed using R 4.0 (R development core team 2020) using the vegan package for
GLM analyses and emmeans package for pairwise post hoc tests. Graphs were constructed in the
ggplot2 package.

3. Results
The first hatchlings were observed on the 2nd day after starting the experiment, and no more hatchlings
were observed after 12 days (Fig. 2). Hatchling numbers in the treatments varied from 2.25 ± 0.47 to 0.25
± 0.25 in “physical” 50 and 100 mg/l DOC concentration treatments, respectively. No difference in
hatchling numbers was observed when comparing the “chemical + physical” effects of DOC (p = 0.45, F =
0.86; treatments A, B and D), while comparing “physical” effects the difference in treatments was
significant (p = 0.04, F = 4.57; treatments A, C and E). Post hoc tests showed that treatments 50 and 100
mg/l DOC differed (p = 0.02; treatments C and E). and hatching was more than 150% less in 100 mg/l
DOC treatment.
When comparing treatments with the same DOC concentration, no difference was found between
“physical” and “chemical + physical” treatments with 50 mg/l DOC (p = 0.78, F = 0.08, treatments B and
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C). Similarly, no difference was observed between “physical” and “chemical + physical” treatments with
100 mg/l DOC (p = 0.30, F = 1.28, treatments D and E). Combined, these results suggest that physical
effects of DOC are more important than chemical effects to determine hatching rates.
The time to first hatching varied from 2 to 12 days in “physical” 50 and 100 mg/l DOC concentration
treatments, respectively. Significant differences were observed in “chemical + physical” (p < 0.01, F = 3.37;
treatments A, B and D) and “physical” effects of DOC (p < 0.001, F = 5.14; treatments A, C and E). The time
to first hatching in “chemical + physical” treatments was shorter in 50 than control, which was shorter
than 100 mg/l DOC. Compared to control, time to first hatching was 66% lesser in 50 mg/l DOC and 100%
higher in 100 mg/l DOC. Similarly, time to first hatching in “physical” effects treatments was shorter in 50
than control, which was shorter than 100 mg/l DOC. Compared to control, time to first hatching was 66%
lesser in 50 mg/l DOC and 66% higher in 100 mg/l DOC.
Finally, no differences were observed in 50 (p = 1.00, treatments B and C) or 100 mg/l DOC (p = 0.08, F =
3.18, treatments D and E) when comparing time to first hatching in treatments with the same DOC
concentration.

4. Discussion
This study assessed how DOC affects the hatching patterns of resting eggs of a common tropical
cladoceran, Diaphanosoma birgei. We observed that the joint exposure of resting eggs to chemical and
physical effects of DOC (treatments A, B and D) did not affect the hatchling numbers, but affected the
time to first hatching in opposing directions depending on DOC concentration, i.e. 50 mg/l DOC decreased
the time to first hatching, while 100 mg/l DOC increased it. Similarly, we observed that physical effects of
DOC affected hatchling numbers and time to hatching in opposing directions (treatments A, C and E),
since treatments with 50 mg/l DOC displayed higher hatchling numbers and lower time to hatching, while
the opposite pattern was observed in 100 mg/l treatments. Because comparisons of treatments with the
same DOC concentration (treatments B x C, and D x E) did not differ in any response variable, we
conclude that chemical effects of DOC have weak to no effects on hatching patterns. As such, physical
effects of DOC, especially through light attenuation under increasing DOC concentrations, seems to be
the main cause of DOC changing hatching patterns of resting eggs. These findings partially corroborate
our hypothesis that increasing DOC reduces hatchling numbers and increases the time to hatching,
because responses of resting eggs to increasing DOC were non-linear and responded solely to light
attenuation.
Light attenuation by DOC is mainly caused by the ability of humic substance carbon chains to reflect
light (Danilov and Ekelund 2001; Huovinen et al. 2003; Faithfull et al. 2015). Light and temperature are
largely acknowledged as the main triggers for hatching zooplankton resting eggs (Vandekerkhove et al.,
2005). The light effect on hatching was first acknowledged in temperate systems, where abrupt changes
in the photoperiod over seasons signalize changes in food abundance and other environmental
conditions (Taghavi et al. 2013; Stewart et al. 2017). The photoperiod in tropical ecosystems where the
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resting eggs of this study originated does not drastically change over seasons, but light intensity may still
vary as water depth and turbidity changes, thus potentially influencing hatching patterns. More recently,
light intensity has been pointed out as an additional important factor for terminating diapause, as
Daphnia magna resting eggs exposed to the same photoperiod under different light intensities showed
higher hatching rates under higher light intensities (Slusarczyk and Flis, 2019). Our results are thus in
agreement with earlier studies showing that light affects hatching patterns, but contrast with the results
from Slusarczyk and Flis (2019) as intermediate light intensities promoted higher hatching rates in our
experiment. Thus, we suggest for the first time that DOC may affect hatching patterns of resting eggs by
attenuating light intensity.
Contrary to our expectations, DOC had no effects on hatching patterns when in direct contact with resting
eggs. DOC is acknowledged to directly affect several life history parameters of cladocerans, as HS may
be taken up by organisms and interact with biochemical constituents and signaling pathways (Steinberg
et al., 2006; Suhett et al., 2011; Nova et al., 2018). Additionally, DOC may dye the body surface of
cladocerans turning them darker. If DOC also dyes the external layer of resting eggs, then the amount of
light reaching resting eggs will diminish and hatching patterns may change. It is possible that the
exposure time of resting eggs to chemical effects of DOC in our experiment was not long enough to allow
DOC to dye the surface of resting eggs. However, this could be tested by exposing resting eggs to DOC
under inhibiting conditions for hatching for a longer time, and then testing for changes in surface
pigmentation and hatching patterns of resting eggs.
The absence of chemical DOC effects on hatching patterns may be a consequence of the ability of
resting eggs to tolerate high concentrations of chemical stressors, mainly due to the resistance and low
permeability of resting eggs’ superficial layers. Indeed, earlier studies testing the effects of salinity, heavy
metals and organic compounds other than DOC have shown that resting eggs can resist the chemical
stress (Yan et al., 2004; Jiang et al., 2007; Aránguiz-Acuña; Serra, 2016) and hatch when favorable
conditions resume. However, earlier studies that sought to evaluate the chemical substances that affect
hatching patterns usually tested substances which are highly toxic and under unrealistic high
concentrations (Hanazato 1998, 2001). The toxic potential of DOC is low in comparison with most other
compounds currently tested, as it is naturally found in different concentrations ranging from low levels up
to 300 mg/l (Blodau et al. 2004; Sobek et al. 2007).
Interestingly, DOC effects on hatching patterns were non-linear, as intermediate concentrations (50 mg/L
DOC) determined higher hatchling numbers and lower time to hatching. This finding agrees with earlier
studies on DOC effects on active cladocerans. Overall, intermediate DOC concentrations are more
beneficial than extreme values (Suhett et al. 2011). For active organisms, it has been suggested that
intermediate DOC concentrations benefit organisms by inducing genes related to stress responses
(Steinberg et al. 2010). The higher hatching in intermediate concentrations of DOC can possibly occur
because light attenuation promotes an optimal light stimulus in eggs. Moreover, the toxic effect of DOC
would only occur in high concentrations, with an intermediate concentration to be inert or little toxic.
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Thus, the light attenuation process can be a dominant factor in resurgence processes mediated by DOC
mainly in intermediate concentrations.
DOC of any source with high HS concentration attenuates light intensity. Factors other than DOC in
natural systems which can affect light intensity in bottom sediments where resting eggs accumulate are
depth, inorganic turbidity and algal biomass (Scheffer, 1999; Henley et al., 2000; Donohue and Garcia
Molinos, 2009). Resting eggs deposited in the sediment receive less light as those factors increase, but
DOC is commonly acknowledged as the main factor of light attenuation in aquatic systems (Morris et al.,
1995; Karlsson et al., 2009).
Changes in DOC concentrations can affect the reestablishment of zooplankton populations by changing
the hatching success and time to hatching. Resting egg banks are the main contributors for community
resilience after disturbances in natural environments (Hairston et al., 2000; Brendonck and De Meester,
2003). DOC effects can change the relative abundances of species which are more sensitive to light and
create a numeric advantage in individuals able to reproduce fast in the water column.
This is the first study assessing how DOC affects zooplankton resting eggs and provided an effective
separation of physical and chemical effects of DOC. Our study suggests that DOC mainly affects
hatching patterns through light attenuation, and this effect can influence the number of hatchlings and
the time to hatching. The increase of DOC in freshwater systems worldwide (water brownification) will
affect hatching patterns and may have important ecological consequences in the future. Moreover, the
effects of DOC in resting eggs of varying taxa and at the community level remains to be evaluated, as
species may differ in their responses to varying DOC concentrations.
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Figure 1
Experimental design for testing the chemical and physical effects of varying DOC concentrations (0, 50
and 100 mg/L DOC) on hatching patterns of Diaphanosoma birgei resting eggs. Resting eggs were
incubated in small flasks (50 ml) that were placed inside big flasks (500 ml) without exchanging water
between them. Physical effects of DOC (i.e. light attenuation) were tested by incubating resting eggs in
control water surrounded by DOC-enriched water (treatments C and E). Chemical (i.e. toxic) plus physical
effects of DOC were tested by incubating resting eggs in DOC-enriched water surrounded by water with
the same DOC concentration (treatments B and D). Control treatments consisted of DOC-free water
(treatment A). Chemical effects of DOC were inferred by comparing treatments with the same DOC
concentration (treatments B x C; and D x E).

Figure 2
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Cumulative number of hatchlings over time. No hatchlings were observed after the 12th day of the
experiment. Resting eggs were exposed to DOC-mediated changes in chemical and physical
characteristics of water. Descriptions of treatments: A, Control; B, 50 mg/L DOC chemical and physical
effects; C, 50 mg/L DOC physical effects; D, 100 mg/L DOC chemical and physical effects; E, 100 mg/L
DOC physical effects.

Figure 3
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Hatching responses (mean + 1 SE) of Diaphanosoma birgei resting eggs exposed to DOC-mediated
changes in chemical and physical characteristics of water. (a) Number of eggs that hatched and (b) time
to first hatching. Different letters above bars denote differences in treatments comparing “chemical +
physical” effects (lowercase letters, treatments A, B and D) or “physical” effects only (uppercase letters,
treatments A, C and E). Horizontal lines denote comparisons of treatments with the same DOC
concentrations. Descriptions of treatments: A, Control; B, 50mg/L DOC chemical and physical effects; C,
50mg/L DOC physical effects; D, 100mg/L DOC chemical and physical effects; E, 100mg/L DOC physical
effects.
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