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Summary

1. Periods of hypoxia lasting up to weeks are now anticipated in freshwaters, owing

to anthropogenic influences. However, the cumulative effects of hypoxia on
Daphnia, over multiple broods, have received virtually no attention, and to
establish and evaluate such responses there is a need to make measurements over a
wide range of oxygen concentrations, potentially revealing non-linear patterns. We
predict that the effect of hypoxia on growth, survival, and fecundity (i.e.,
production of new individuals) of Daphnia will increase over multiple broods, and
with increasing oxygen these responses will approach asymptotic maxima,

following a rectangular-hyperbolic response.

2. Daphnia similoides were exposed to 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 8.0 mg oxygen L.

To determine effects on the first brood we examined: number of offspring; time to
the first eggs; time to the first brood; and size of the female at the first eggs and the
first brood. To determine cumulative effects of oxygen over multiple broods (up to
8 broods over 21 days) we measured: total number of offspring produced by a
female; survival time; and total number of moults and broods. To investigate how
the cumulative effects arose over the multiple broods, we examined the number of
offspring per brood in each brood over 8 broods. To assess treatment effects and
indicate responses, functions were fit to data using the most parsimonious function

that reflected trends in the data.

. Measurements associated with a single brood responded linearly, or not at all, with

changing oxygen concentration, while measurements made over the 21 days
followed a rectangular hyperbolic response, increasing to an asymptote as oxygen
increased. For the first brood, as oxygen concentration was raised from 1 to 8 mg
L™': the number of offspring produced and the time required to produce the brood
were not affected; the time required to produce eggs decreased ~0.3 fold; and the
size of individuals at the time when the eggs and the brood were produced

increased ~0.1 fold. Over the 21 days, between 1 and 8 mg L™': the total number of
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offspring produced increased ~3.4 fold; individual survival and the number of
moults increased ~2 fold; and the number of broods increased ~1 fold. For single
brood responses, there was no effect from decreasing oxygen levels on the number
of offspring in the first brood, and there were negative effects on the second to
fourth broods; the number of offspring in the remaining broods were not
significantly related to oxygen levels, as there were fewer data at low levels due to

poor survival.

. We conclude that assessments of Daphnia demographics should not rely on

estimates of the effect of oxygen concentration on single-broods. Studies should
consider cumulative changes over multiple broods. Following our approach,
studies may now explore the impacts on congeners and other zooplankton and

assess the mechanisms associated with multi-brood responses.
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Introduction

In virtually all freshwater systems, levels of dissolved oxygen are important in
structuring the distribution, survival, and fecundity (i.e., production of new
individuals) of animals (Moss, 1988), and there is now a growing need to appreciate
the impacts of oxygen, as hypoxic conditions are predicted to intensify in magnitude
and frequency due to the combined impacts of global warming and anthropogenic
eutrophication (Moran ef al., 2010; Foley et al., 2012; Wojtal-Frankiewic, 2012;
Jenny et al. 2015). In large bodies of water, where oxygen levels are depressed below
the thermocline, animals may escape hypoxia by migrating to oxygen rich zones
(Moss, 1988; Larson & Lampert, 2011, 2012). In contrast, in the shallow waters and
wetlands that are ecologically important and can spatially dominate freshwater
ecosystems (Downing et al., 2006; Feuchtmayr et al. 2009), oxygen may become
fully depleted or reduced for extended periods (weeks), except for a few centimeters
at the interface (e.g., Luo, 2002; Moran et al., 2010; Vad et al., 2013).

In these shallow waters Daphnia is a keystone zooplankter, being the primary
consumer of phytoplankton and transferring energy and material to higher trophic
levels (Moss, 1988; Sarnelle, 2005; Downing ef al., 2006; Lampert, 2006; Persson et
al., 2007; Wojtal-Frankiewic, 2012). Therefore, if Daphnia is inhibited by hypoxia,
food web structure and productivity in shallow waters may be adversely affected.
Furthermore, Daphnia is routinely used as a micro-crustacean model organism
(Lampert, 2006); observations on it may then also inform our understanding of how
other freshwater zooplankton respond to hypoxia.

It has long been recognized that reduced oxygen levels, for periods of hours to
days, can be deleterious to Daphnia (e.g., Green, 1956), although more recently it has
been noted that low levels can also benefit Daphnia, as they seek refuge from
predators in deep hypoxic layers (Larsson & Lampert, 2011, 2012). Consequently, a
range of studies has examined the impact of varying oxygen concentration on the

behavior and physiology of Daphnia (e.g., Kring & O'brien, 1976; Kobayashi &
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Tanaka, 1991; Lamkemeyer, Zeis & Paul, 2003; Seidl, Pirow & Paul, 2005; Becker et
al.,2011; Gerke et al., 2011; Lyu et al., 2015). Likewise, other studies have explored
growth and reproductive responses under hypoxic conditions (e.g., Green, 1956;
Homer & Waller, 1983; Nebeker et al., 1992; Hanazato, 1996). However, these past
studies tend to examine responses at only a few oxygen levels, which do not provide
sufficient data to assess trends in growth and reproductive responses over the full
range of oxygen levels that Daphnia may experience in nature (i.e., ~0 to 8 mg L™).
Furthermore, most measurements have been made over periods encompassing no
more than a single brood, and thus will not assess cumulative effects. At present we,
therefore, lack sufficient information to evaluate the relative impacts of depleted
oxygen on multiple broods. Given the increase in reliance on ecosystem models as
predictive tools to evaluate our changing environment, it is timely to assess and
parameterize the potential impacts of reduced oxygen on fecundity and survival over
multiple broods.

In this study we, therefore, examined a suite of traits associated with population
growth models (Gurney ef al., 1990). Specifically we contrast the responses of the
first brood with that of multiple broods at seven oxygen levels ranging from near
anoxia to saturation. We examined the hypothesis that the effect of hypoxia on
fecundity and survival of Daphnia will increase over multiple broods. The results
will provide responses that may be applied to further evaluate the impact of oxygen

on Daphnia.

Methods
Test organism

We used a clone of Daphnia similoides (from Lake Taihu, China) that has been
used as a model for assessing life-history parameters (Xiang et al., 2010; Xiang et al.,
2011). This species was also considered useful to assess oxygen effects, as in Lake

Taihu, D. similoides experiences oxygen ranging from hypoxic to saturating levels;
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e.g., annually, due to algal blooms, dissolved oxygen levels decline to 2 mg L™ for
several weeks (Cao et al., 2006; Zhang et al., 2011). Furthermore, D. similoides is
morphologically similar to other important species such as D. magna (Lampert, 2006)
and is widely distributed in freshwater systems (e.g., Australia, New Zealand, South
Africa, East Asia) (Hudec, 1991; Korovchinsky, 2013).

Daphnia similoides was cultured in 200-mL flasks containing dechlorinated water
(Mirza & Pyle, 2009) and fed the chlorophyte Scenedesmus obliquus. The
chlorophyte was cultured in sterile BG-11 medium (Liirling & Beekman, 2006), at 25
°C, under fluorescent light (at 40 pmol photons m™ s) with a light-dark cycle of
12:12 h, and at 8.0 mg L oxygen. Except for the oxygen levels, all experiments were
conducted under the above conditions, which are typical of those where D. similoides
may experience reduced oxygen concentrations. To ensure change in prey abundance
was not a confounding factor Daphnia similoides were maintained at 5.0 x 10° S.
obliquus mL™" by replacing media and prey daily. Thus, waste materials did not
accumulate and pH remained at 8.0+0.5.

Experimental design

Clonal lines were acclimated to the above conditions for multiple generations (>
3, following methods of Yang et al., 2012) before subjecting them to oxygen
treatments. The isolates were then exposed to seven oxygen treatments, ranging from
near anoxia to saturating levels. Individuals (<24 h old) were randomly allocated to
50-mL containers (i.e., one per container), to avoid density effects (Martinez-
Jeronimo, Espinosa-Chavez & Villasenor, 2000). Each treatment was replicated (n =
4, although at low oxygen levels, some replicates died over time; see Results). To
obtain dissolved oxygen levels of 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, and 8.0 mg L'l, the media
was bubbled with compressed nitrogen gas and clean air (Hanazato & Dodson, 1995);
to ensure constant levels the media was monitored every 3 h, and it was regulated
when required (Bante A820, Bante Instrument, China).

To assess effects of oxygen on the first brood of Daphnia, the following
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parameters were measured daily (every 2 h between 6:00 and 24:00) until the first
brood occurred: the number of offspring in the first brood; the time (days) required to
produce the first eggs in the brood chamber (henceforth, time to first eggs); the time
(days) required for the first brood of offspring to be released (henceforth, time to first
brood); the size (mm) of the female (top of head to base of tail spine) at the time to
first eggs (henceforth, size at first eggs); and the size (mm) of female at the release of
the first brood (henceforth, size at first brood). Note that although most growth of
Daphnia occurs between moults, intra-moult growth also occurs, and small changes in
the size at various stages (e.g., between when the first eggs occur and first brood is
released) may be indicative of stress.

To measure the effect of oxygen on multiple broods, each day (at 8:00) the
number of offspring produced by a female was determined over 21 days; once
counted, offspring were removed. To examine further demographic processes that
resulted from impacts of hypoxia, changes in survival time, the total number of
moults, and total number of broods over the lifespan were also recorded. Dead
individuals were identified if they lacked a heartbeat. Moults were determined by
counting shed carapaces. The number of moults was considered a useful parameter to
measure when considering the Daphnia life-history. For mature Daphnia a single
moult is associated with a single brood (Green, 1956), but moults may also occur (i.e.,
individual growth) without the production of broods. Given that moults are
equivalent to 15-20% of an individual’s energy budget, and this may decrease when
animals are stressed (Wissing & Hasler, 1968), presenting both number of broods and
moults provides potentially useful information to interpret enegy use under stress.

Finally, we assessed how hypoxic conditions affect broods over the observed
eight broods. To do this we focused on determining the number of offspring per
brood; for these measurements, animals were examined daily, at 8:00. Note that not

all individuals survived to produce eight broods, especially at low oxygen levels.
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Data analysis

To assess treatment effects and indicate trends, functions were fit to data, using
the most parsimonious function that reflected trends in the data. Traits measured over
a single brood varied linearly, or were invariant, over the observed range of oxygen
levels (see Results); these were assessed by fitting a linear function, where a slope
significantly differing from zero (a = 0.05) indicated an effect of oxygen on the trait.
In contrast to single-brood responses, responses examined over multiple broods
exhibited cumulative effects that were non-linear, suggesting an asymptotic response
at higher oxygen levels (see Results). To assess these, the following rectangular
hyperbolic function was fit to the data: ¥ = Yy (O - O)/[k+(O - O")], where Y is the
predicted value of the trait variable, O is dissolved oxygen (mg L"), Yimax is the
theoretic asymptotic maximum value of the trait variable, O’ is the threshold
concentration of oxygen at which ¥ =0, and £ 1s a constant, reflecting the rate at
which Y.y 18 reached.

Here, we mainly consider this rectangular hyperbolic function as
phenomenological, to illustrate trends. However, the function may also be applied to
describe, mechanistically, a rate-reaction where a required substance (e.g., oxygen) is
rate-limiting when it is at low concentrations, and an increase in the substance
increases the rate. Then at high levels the reaction is no longer substance-limited, and
the response becomes asymptotic, reaching a maximum. Such responses have been
applied to enzyme reactions (Michaelis—Menten kinetics), nutrient-dependent
microbial growth (the Monod equation), prey-dependent ingestion rate (the Type 11
functional response), and nutrient-dependent growth of autotrophs (see Berges et al.,
1994). The function can be further modified to include a positive y-intercept (e.g.,
0", reflecting that at low (but positive) substance-levels rates becomes zero; e.g., this
has been applied to show that organism growth is zero when food is still present
(Montagnes & Berges, 2004). We have, therefore, applied a function that allows us to

examine trends and may provide initial insights into mechanisms associated with how
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oxygen becomes rate limiting. Non-linear regression analysis was performed using
the iterative curve-fitting function of SigmaPlot 11.0 (Systat Software Inc).
Results

The effects of reduced oxygen on individuals over the first brood period were
minimal or absent (Fig. 1, Table 1). There was no effect of oxygen on the number of
offspring produced or the time to produce the brood, but over the observed range there
was a significant reduction of ~1 day (~0.3 fold decrease) in the time required to
produce the first eggs (Fig. 1a-c, Table 1). Over the observed range there were also
significant, ~0.1 fold, increases in the size of individuals at both the time to produce
the first eggs and produce the first brood (Fig. 1d,e, Table 1).

Over eight broods (21 days), there were, relatively, greater effects of oxygen
level on the cumulative reproductive and survival parameters (Fig. 2). Between 1.0
and 8.0 mg L™, the total number of offspring produced increased by 3.4 fold. These
data followed a non-linear (rectangular hyperbolic) response, increasing from ~40 at
1.0 mg L! to ~160 at saturating oxygen levels (Fig. 2a; Table 2). Further
measurements assessed demographic changes associated with this response.
Individual survival time exhibited a similar asymptotic response, increasing ~2 fold
over the range (Fig. 2b; Table 2): there was no mortality at 8.0 mg L™, but the survival
time rapidly declined with decreasing oxygen to ~7 days at 1.0 mg L™ oxygen (with
only one of four replicates surviving >14 days). Likewise, the number of moults and
the number of broods responded non-linearly (Fig. 2c, d; Table 2), with, respectively,
2- and 1-fold declines with depleted oxygen levels.

To assess how oxygen depletion affected Daphnia fecundity of each individual
brood over the eight broods, we focused efforts on measuring the number of offspring
per brood. There was no effect of depleted oxygen on the number of offspring
produced in the first brood (Fig. 3a, Table 1). However, as time progressed
decreasing oxygen levels had a negative effect on the second to fourth broods, as

illustrated by the significant linear regression through the data (Fig. 3b-d, Table 1).
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The number of offspring in the fifth and sixth broods was not significantly related to
oxygen levels (there were insufficient data to perform tests on the seventh or eighth
broods, Fig. 3 e-h, Table 1); these results arose from fewer data at low oxygen levels
due to poor survival under these conditions (Fig. 2b).

Discussion

To date, research on the effects of hypoxia on Daphnia fecundity (production of
new individuals), growth, and survival has focused on events associated with periods
over the first brood. Daphnia, however, continue to reproduce and typically increase
their reproductive output over multiple broods. Here, we indicate that in the first
brood fecundity and survival were not affected by a reduction in dissolved oxygen.
Likewise, in the first brood, there were only small (< 1 fold) but significant impacts
on the time to produce eggs (but not the time to produce the brood) and on the growth
of the animals, as reflected by their size when producing the first eggs and first brood.
Our results suggest that there were some effects of low oxygen on the first brood.
Correspondingly, previous work has revealed that exposure to hypoxia, during less
than a single brood-period, down-regulated functional genes involved with repairing
cellular proteins and antioxidation (Lyu et al., 2015). We can, therefore, surmise that
prior to the onset of multi-brood effects on fecundity, survival, and growth, hypoxia-
exposed Daphnia will be impacted at the cellular level.

We are still faced with why phenotypic responses of the first brood were small or
absent. It is possible that as parental females were raised at saturating oxygen levels
(8.0 mg L"), their offspring (<24 h old), which were subjected to hypoxia, were
initially influenced by the conditioning of the mothers. In contrast, a striking finding
was that over subsequent broods, cumulative effects on these individuals resulted in
substantial shifts in the measured parameters. Such longer term impacts undoubtedly
arise from a range of factors, including, energy allocated to up-regulating proteins
(including hemoglobin and enzymes associated with degrading stored carbohydrates),

increased responses of ventilatory and circulatory systems, reallocation of energy

10
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away from somatic growth and reproduction, and the accumulation of toxic by-
products arising from anaerobic metabolism (Seidl et al. 2005; Zeis et al. 2009; Ekau
et al. 2010). If such periods of hypoxia last for up to three weeks (i.e., a period that
produces up to 8 broods), between highly depleted levels and oxygen saturation the
accumulated effect was a 3-fold increase in total offspring per female, a 2-fold
increase in survival time and total number of moults, and a 1-fold increase in the total
number of broods. Thus it appears that, over multiple broods, demographic effects
can be fully appreciated only if the response to low oxygen over the life span of
Daphnia is considered. Furthermore, associated impacts will undoubtedly extend to
future generations. For example, although not directly measured in this study, we can
expect that smaller offspring will be produced by the smaller adults arising from low
oxygen levels in the first brood (Seidl, Paul & Pirow 2005). Multi-generational
response may now be an appropriate focus for evaluating prolonged impacts of
hypoxia.

To explore trends over this multi-brood period, we have applied a rectangular
hyperbolic function, which we treat primarily as predictive but has a mechanistic basis
(see Methods). For instance, we indicate clear threshold levels of oxygen (O") where
responses reach zero-levels, and we illustrate the rate at which these responses
approach asymptotic maxima near saturating oxygen concentrations. Such trends will
impact on predictions associated with population dynamics of Daphnia when oxygen
is limiting. They also reflect physiological limits that now may be investigated,
through gene expression methods (e.g. Lyu et al., 2013). Consequently, our responses
provide useful information, allowing modelers to incorporate hypoxia into food web
simulations and explore mechanisms associated the observed phenomena. Moreover,
even without complex modeling efforts, it is clear that if oxygen levels drop for
extended periods there will be significant consequences for Daphnia populations.
Given that such extended reductions are likely to be more common and more

pronounced in the future (Moran et al., 2010; Foley et al., 2012; Wojtal-Frankiewic,

11
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2012; Jenny et al. 2015), our results have considerable implications and applicability.

From our data it is also possible to begin to assess how reduced oxygen may
directly affect Daphnia. The rapid reduction in individual survival as oxygen
decreases suggests that this may be the main factor contributing to depressed
fecundity. Reduced oxygen may also influence the total number of moults and of
broods, both of which require energy that may be diverted to cope with the stress of
hypoxia (Bergman Filho & Loureiro, 2011). These data build on our work on D.
similis that indicated exposure to dissolved oxygen of 2.0 mg L™ decreased the
number of broods by 50% over two weeks (Lyu et al., 2013) and agree with work by
Homer & Waller (1983) who indicated that the production of D. magna offspring is
reduced by 50% at 1.8 mg L. Our results may, therefore, be robustly applicable to
Daphnia, although there can be species and clonal differences in oxygen responses
within Daphnia (Heisey & Porter, 1977; Weider & Lampert 1985), and even
acclimation of clones to reduced oxygen may occur (Weider & Lampert, 1985).

In conclusion, we strongly suggest that freshwater ecologists interested in
Daphnia demographics must be concerned with the impacts of hypoxia over multiple
broods. In contrast, it seems that low oxygen events impacting the first-brood, even
extreme ones, may be of less concern. Now that we have revealed this distinction, it
will be appropiate to expend effort exploring the impacts on congeners and other
zooplankton and assessing the mechanisms associated with these multi-brood
responses. For instance, there is now great potential to develop links between
individual changes in Daphnia and the molecular mechanisms underlying the

response to hypoxia, following multi-gene expression methods (Lyu et al. 2015).

12



309

310

311

312

313

314

315

Acknowledgments

This study was supported by the National Basic Research Program of China

(2012CB956102), the National Natural Science Foundation of China (31270504), and

the Priority Academic Program Development of Jiangsu Higher Education
Institutions. We also thank two anonymous reviewers and the Editor for their

comments on drafts of this paper.

13



316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

Reference

Becker D., Brinkmann B., Zeis F., B. & Paul R. J. (2011) Acute changes in
temperature or oxygen availability induce ROS fluctuations in Daphnia magna
linked with fluctuations of reduced and oxidized glutathione, catalase activity
and gene (haemoglobin) expression. Biology Cell, 103, 351-363.

Berges J.A., Montagnes D.J.S., Hurd C.L., & Harrison P.J. (1994) Fitting ecological
and physiological data to rectangular hyperbolae: a comparison of methods using
Monte Carlo simulations. Marine Ecology Progress Serries, 114,175-183.

Bergman Filho T.U., Soares A.M.V.M. & Loureiro S. (2011) Energy budget in
Daphnia magna exposed to natural stressors. Environmental Science and
Pollution Research 18, 655—662.

Cao H.S., Kong F.X., Luo L.C., Shi X.L., Yang Z., Zhang X_.F. et al. (2006) Effects of
wind and wind-induced waves on vertical phytoplankton distribution and surface
blooms of Microcystis aeruginosa in Lake Taihu. Journal of Freshwater
Ecology, 21, 231-238.

Downing J.A., Prairie Y.T., Cole J.J., Duarte C. M., Tranvik L. J., Striegl R.G. et al.
(2006) The global abundance and size distribution of lakes, ponds, and
impoundments. Limnology and Oceanography, 51, 2388-2397.

Ekau W., Auel H., Portner H.O. & Gilbert D. (2010) Impacts of hypoxia on the
structure and processes in pelagic communities (zooplankton, macro-
invertebrates and fish). Biogeosciences, 7, 1669-1699.

Feuchtmayr H, Moran R., Hatton K., Connor L., Heyes T., Moss B. et al. (2009)
Global warming and eutrophication: effects on water chemistry and autotrophic
communities in experimental hypertrophic shallow lake mesocosms. Journal of
Applied Ecology, 46, 713-723.

Foley B., Jones 1.D., Maberly S.C. & Rippey B. (2012) Long-term changes in oxygen
depletion in a small temperate lake: effects of climate change and eutrophication.

Freshwater Biology, 57, 278-289.

14



344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

Gerke P., Bording C., Zeis B. & Paul R. J. (2011) Adaptive haemoglobin gene control
in Daphnia pulex at different oxygen and temperature conditions. Comparative
Biochemistry and Physiology A-Molecular & Integrative Physiology, 159, 56-
65.

Green J. (1956) Growoth, size and reproduction in Daphnia magna (Crustacea:
Cladocera). Proceedings of the Zoological Society of London, 126, 173-204.

Gurney W.S.C., McCauley E., Nisbet R.M., & Murdoch W.W. (1990) The
physiological ecology of Daphnia: A dynamic model of growth and
reproduction. Ecology, 71, 716-732.

Hanazato T. (1996) Combined effects of food shortage and oxygen deficiency on life
history characteristics and filter screens of Daphnia. Journal of Plankton
Research, 18, 757-765.

Hanazato T. & Dodson S. 1. (1995) Synergistic effects of low oxygen concentration,
predator kairomone, and a pesticide on the cladoceran Daphnia pulex. Limnology
and Oceanography, 40, 700-709.

Heisey D. & Porter K.G. (1977) The effect of ambient oxygen concentration on
filtering and respiration rates of Daphnia galeata mendotae and Daphnia magna.
Limnology and Oceanography, 22, 839-845.

Homer D. H. & Waller W. T. (1983) Chronic effects of reduced dissolved oxygen on
Daphnia magna. Water Air and Soil Pollution, 20, 23-28.

Hudec 1. (1991) A comparison of populations from the Daphnia similis group
(Cladocera: Daphniidae). In: Biology of cladocera (Eds Kofinek V. & Frey D.
G.), pp. 9-22. Springer, Berlin.

Jenny J.P., Francus P., Normandeau A., Lapointe F., Perga M.E., Ojala A.E. et al.
(2015). Global spread of hypoxia in freshwater ecosystems during the last three
centuries is caused by rising local human pressure. Global Change Biology, 22,
1481-1489.

Kring R. L. & O'brien W. J. (1976) Effect of varying oxygen concentrations on the

15



372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

filtering rate of Daphnia pulex. Ecology, 57: 808-814.

Kobayashi M. & Tanaka Y. (1991) Oxygen-transporting function of hemoglobin in
Daphnia magna. Canadian Journal of Zoology, 69, 2968-2972.

Korovchinsky N. M. (2013) Cladocera (Crustacea: Branchiopoda) of South East Asia:
history of exploration, taxon richness and notes on zoogeography. Journal of
Limnology, 72, €7.

Lamkemeyer T., Zeis B. & Paul R. J. (2003) Temperature acclimation influences
temperature-related behaviour as well as oxygen-transport physiology and
biochemistry in the water flea Daphnia magna. Canadian Journal of Zoology,
81, 237-249.

Lampert W. (2006) Daphnia: Model herbivore, predator and prey. Polish Journal of
Ecology, 54,607-620.

Larsson P. & Lampert W. (2011) Experimental evidence of a low-oxygen refuge for
large zooplankton. Limnology and Oceanography, 56,1682-1688.

Larsson P. & Lampert W. (2012) Finding the optimal vertical distribution: behavioural
responses of Daphnia pulicaria to gradients of environmental factors and the
presence of fish. Freshwater Biology, 57, 2514-2525.

Luo J.H. (2002) The analysis of the primary cause of low dissolved oxygen of partial
water body in the Guangzhou reach of the Pearl River. Research of
Environmental Sciences, 15, 8-11.

Liirling M. & Beekman W. (2006) Growth of Daphnia magna males and females fed
with the cyanobacterium Microcystis aeruginosa and the green alga Scenedesmus
obliguus in different proportions. Acta Hydrochimica et Hydrobiologica, 34, 375-
382.

Lyu K., Cao H., Chen R., Wang Q. & Yang Z. (2013) Combined effects of hypoxia
and ammonia to Daphnia similis estimated with life-history traits. Environmental
Science and Pollution Research, 20, 5379-5387.

Lyu K., Wang Q., Li Z., Chen R., Zhu C., Liu J. et al. (2015) Age-dependent survival

16



400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

and selected gene expression in Daphnia magna after short-term exposure to low
dissolved oxygen. Journal of Plankton Research, 37, 66-74.

Martinez-Jeronimo F., Espinosa-Chavez F. & Villasenior R. (2000) Effect of culture
volume and adult density on the neonate production of Daphnia magna, as a test
organism for aquatic toxicity tests. Environmental Toxicology, 15, 155-159.

Mirza R. & Pyle G. (2009) Waterborne metals impair inducible defences in Daphnia
pulex: morphology, life history traits and encounters with predators. Freshwater
Biology, 54, 1016-1027.

Montagnes D.J.S. & Berges J.A. (2004) Determining parameters of the numerical
response. Microbial Ecology, 48, 139-144.

Moran R., Harvey 1., Moss B., Feuchtmayr H., Hatton K., Heyes T. ef al. (2010)
Influence of simulated climate change and eutrophication on three-spined
stickleback populations: a large scale mesocosm experiment. Freshwater
Biology, 55, 315-325.

Moss B. 1988. Ecology of fresh waters: Man and medium. Blackwell, Oxford.

Nebeker A. V., Dominguez S. E., Chapman G. A., Onjukka S. T. & Stevens D. G.
(1992) Effects of low dissolved oxygen on survival, growth and reproduction of
Daphnia, Hyalella and Gammarus. Environmental Toxicology and Chemistry,
11, 373-379.

Persson J., M. Brett T., Vrede T. & Ravet J. L. (2007) Food quantity and quality
regulation of trophic transfer between primary producers and a keystone grazer
(Daphnia) in pelagic freshwater food webs. Oikos, 116, 1152-1163.

Sarnelle O. (2005) Daphnia as keystone predators: Effects on phytoplankton diversity
and grazing resistance. Journal of Plankton Research, 27, 1229-1238.

Seidl M. D., Paul R. J. & Pirow R. (2005) Effects of hypoxia acclimation on morpho-
physiological traits over three generations of Daphnia magna. Journal of
Experimental Biology, 208, 2165-2175

Seidl M. D., Pirow R. & Paul R. J. (2005) Acclimation of the microcrustacean

17



428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

Daphnia magna to warm temperatures is dependent on haemoglobin expression.

Journal of Thermal Biology, 30, 532-544.

Vad C.F., Horvath Z., Kiss K.T., Toth B., Péntek A.L. & Acs E. (2013) Vertical
distribution of zooplankton in a shallow peatland pond: The limiting role of
dissolved oxygen. Annales de Limnologie-International Journal of Limnology,
49, 257-285.

Weider L.J. & Lampert W. (1985) Differential response of Daphnia genotypes to
oxygen stress: respiration rates, hemoglobin content and low-oxygen tolerance.
Oecologia, 65, 487-491.

Wissing T.E. & Hasler A.D. (1968) Calorific values of some invertebrates in Lake
Mendota, Wisconsin. Journal of the Fisheries Board of Canada, 25, 2515-2518.

Wojtal-Frankiewicz A. (2012) The effects of global warming on Daphnia spp.
population dynamics: A review. Aquatic Ecology, 46, 37-53.

Xiang F. H., Yang W., Chen Y. F. & Yang Z. (2010) Acute toxicity of nitrite and
ammonia to Daphnia similoides of different developmental stages: using the
modified gaussian model to describe. Bulletin of Environmental Contamination
and Toxicology, 84, 708-711.

Xiang F. H., Yang W., Yang Z. & Chen Y. F. (2011) Concentration-response function
of nitrite on survival, molting, and reproduction of Daphnia similoides. Journal
of Freshwater Ecology, 26, 33-41.

Yang Z., Lii K., Chen Y.F. & Montagnes D.J.S. (2012) The interactive effects of
ammonia and microcystin on life-history traits of the cladoceran Daphnia
magna: synergistic or antagonistic? PLoS One, 7, €32285.

Zeis B., Lamkemeyer T., Paul R.J., Nunes F., Schwerin S., Koch M., Schiitz W.,
Madlung J., Fladerer C. & Pirow R. (2009) Acclimatory responses of the

Daphnia pulex proteome to environmental changes. I. Chronic exposure to

hypoxia affects the oxygen transport system and carbohydrate metabolism. BMC

physiology, 9, 7.

18



456

457

458

459

460

Zhang M., Wang Z., Xu, J., Liu, Y., Ni, L., Cao, T. ef al. (2011) Ammonium,
microcystins, and hypoxia of blooms in eutrophic water cause oxidative stress
and C-N imbalance in submersed and floating-leaved aquatic plants in Lake

Taihu, China. Chemosphere, 82, 329-339

19



461  Table 1. Equations and associated parameters for the linear responses fit to data in

462 Fig. 1 and 3 (see text for details), where the y-axis is the life-history traits of D.

463 similoides and the x-axis is dissolved oxygen (mg L™"). When a value was not

464 significantly different from zero (o = 0.05), it was presented as “0*”. When the

465 slope was not significantly different from zero (or in the case of Fig. 2g,h, where

466 there were too few data to determine a slope), the average response was

467 determined. Statistics for the responses are presented: standard error (SE), p-

468 values for the regression and intercept (p), F-value for regression (F), sample size

469 (n), goodness of fit (R).

470
Life history trait Slope + SE, p, F (n) Intercept R’

(or average) = SE, p

Offspring in first brood (Fig. 1a, 3a) 0%, 0.39, 0.746 (21) 159+0.6, -- --
Time (d) to first egg (Fig. 1b) -0.19 +£ 0.03, <0.0001,29.9 (21)  5.2+0.17,<0.0001 0.6
Time (d) to first brood (Fig. 1c) 0*,0.17,2.0 (21) 5.7+0.53, -- --
Size (mm) at first egg (Fig. 1d) 0.015+0.003, <0.0001, 26.2 (21) 0.94 +0.01, <0.0001 0.6
Size (mm) at first brood (Fig. 1e) 0.022 +£0.005, 0.0002, 21.5 (21) 1.0+ 0.02, <0.0001 0.5
Offspring in second brood (Fig. 3b) 3.6 + 0.6, 0.0001, 34.6 (19) 0*, <0.089 0.7
Offspring in third brood (Fig. 3¢) 2.2+0.9,0.02, 6.0 (18) 12.0 £4.8, <0.02 0.3
Offspring in fourth brood (Fig. 3d) 4.9 £0.7, <0.0001, 43.9 (18) 0%*, <0.52 0.7
Offspring in fifth brood (Fig. 3e) 0*,0.46, 0.6 (17) 16.2 + 10, -- -
Offspring in sixth brood (Fig. 3f) 0*,0.43,0.7 (9) 21.7£8.6, -- -

471
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472 Table 2. Equations and associated parameters for responses fit to data in Fig. 2 (see

473 text for details); Y is the response of life-history traits of D. similoides and O is
474 dissolved oxygen (mg L™"). The adjusted R? is provided as an indication of
475 goodness of fit.
Life history trait Equation Adjusted R”
Offspring per female (Fig. 2a) Y =200(0-0.91)/[(2.5+( 0-0.91)] 0.59
Survival (Fig. 2b) Y=21(0-0.67)/[(0.6+( O-0.67)] 0.63
Moults (Fig. 2¢) Y =14(0-0.04)/[(2.1+( O-0.04)] 0.66
Broods (Fig. 2d) Y=8.2(0-0.36)/[(2.1+( 0-0.36)] 0.31

476
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Figure caption

Fig. 1. The effect of ambient dissolved oxygen concentration on a range of
parameters measured on the first brood: the number of offspring produced by a
mother in the first brood (a); the time (day) taken to produce the first eggs (b) the time
(day) taken to produce the first brood (c); the size (mm) of mothers when the first
eggs appeared (d); and the size (mm) of mothers when the first brood occurred (e).
Solid dots are replicate measurements, and lines represent linear regressions where

there were significant trends (Table 1).

Fig. 2. The effect of ambient dissolved oxygen concentration on: the total number of
offspring produced by a single mother over the 21 day period which encompassed up
to 8 broods (a); the number of days that the mother survived (b); the number of moults
over this lifespan (c); and the number of broods the mother produced over this time
(d). Solid dots are mean measurements, error bars are one standard error, and the
lines are the best fit of a rectangular hyperbolic response through the data (see Table 2

for parameters and Methods for details of the equation).

Fig. 3. The effect of ambient dissolved oxygen concentration on the number of
offspring per brood, over multiple broods; a to h represent the 1% to 8" broods,
respectively. Solid dots are replicate measurements, and lines represent linear
regressions where there were significant trends (Table 1). Note that fewer
measurements at low oxygen levels, on later dates, reflect mortality of individuals at

these levels (see Fig. 2b).
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Fig. 2
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