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Abstract

The contribution of dead zooplankton biomass to carbon cycle in aquatic ecosystems is practically
unknown. Using abundance data of zooplankton in water column and dead zooplankton in sediment
traps in Lake Stechlin, an ecological-mathematical model was developed to simulate the abundance
and sinking of zooplankton carcasses and predict the related release of labile organic matter (LOM)
into the water column. We found species-specific differences in mortality rate of the dominant
zooplankton: Daphnia cucullata, Bosmina coregoni, and Diaphanosoma brachyurum (0.008, 0.129
and 0.020 d*!, respectively) and differences in their carcass sinking velocities in metalimnion (and
hypolimnion): 2.1 (7.64), 14.0 (19.5) and 1.1 (5.9) m d'!, respectively. Our model simulating
formation and degradation processes of dead zooplankton predicted a bimodal distribution of the
released LOM: epilimnic and metalimnic peaks of comparable intensity, ca. | mg DW m™ d.
Maximum degradation of carcasses up to ca. 1.7 mg DW m™ d"! occurred in the density gradient
zone of metalimnion. LOM released from zooplankton carcasses into the surrounding water may
stimulate microbial activity and facilitate microbial degradation of more refractory organic matter;
therefore, dead zooplankton are expected to be an integral part of water column carbon source/sink

dynamics in stratified lakes.
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Introduction

In aquatic ecosystems, decaying organic matter (both autochthonous and allochthonous)
including “necromass” resulting from non-consumptive mortality of plants and animals, is
considered to be a functionally important part of the carbon cycle (Benbow et al., 2019; Benbow et
al., 2020) but the contribution of non-consumptive mortality to carbon fluxes is rarely quantified
(Benbow et al., 2020). In lentic ecosystems, zooplankton carcasses, which form “lake snow”,
represent a large portion of the decaying organic matter (Grossart and Simon, 1998; Benbow et al.,
2020). However, zooplankton carcasses are often overlooked as a vector of carbon sequestration
(Halfter et al., 2021).

In general, zooplankton bodies contain high-quality substrates, i.e., proteins, lipids and
carbohydrates, while the less labile chitin comprises only ca. 7% of the body mass (Bledzki and
Rybak, 2016). A recent study showed that labile dissolved organic matter (DOM) released by
zooplankton carcasses contained over 7,000 compounds, many of which were N- and S- rich
(Johnston et al., 2021). In freshwater habitats, dead zooplankton account for an average of 7.4 —
47.6% of the total zooplankton population (Tang ef al., 2014), making zooplankton carcasses a
ubiquitous and potentially abundant source of organic carbon, including labile organic matter
(LOM). This LOM, released by dead zooplankton, can improve bacterial utilization of recalcitrant
organic matter (water humus), including that of terrestrial origin by interactive (“priming”) effects
(Kolmakova et al., 2019; Neubauer et al., 2021).

There has been an increasing effort to understand the dynamics of zooplankton carcasses in
salt- and freshwaters (Tang ef al., 2006a; Tang et al., 2009; Tang et al., 2014; Giesecke et al., 2017;
Dubovskaya et al., 2018; Kolmakova ef al., 2019; Tang et al., 2019; Silva et al., 2020; Daase and
Sereide, 2021; Halfter et al., 2021; Neubauer et al., 2021, Diniz et al., 2021). The abundance of
zooplankton carcasses is determined by the balance of their production and removal mainly due to
sinking and microbial degradation and to a lesser extent ingestion (Elliott et al., 2010; Tang et al.,
2014; Daase et al., 2014; Halfter et al., 2021). The sinking rates determine how long zooplankton
carcasses will remain in the water column and thus how much they will be degraded, and in what
depth the maximum release of carcass organic matter occurs. In stratified lakes, the localization of
increased LOM input from dead zooplankton in specific water layers, i.e., density layers such as the
pycnocline, may determine the extent that interactive effects increase microbial DOM utilization,
particularly of low-bioavailable terrestrial DOM.

In stratified temperate lakes, for example, the water column is divided into epi-, meta- and
hypolimnion, each with distinct biological and physicochemical features, such as microbial

community compositions (Grossart and Simon, 1998; Simon et al., 2002; Yue et al., 2021; Rojas-
3
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Jimenez et al., 2021), nutrient concentrations, temperature, turbulence, light, pH and dissolved
oxygen (Wetzel, 2001). Yet, how these layers may differ in DOM degradation as stimulated by
interactive effects remains unclear due to the fact that the effects are often difficult to measure in
situ and may vary widely according to the lake’s characteristics (Bengtsson ef al., 2018; Wologo et
al., 2021).

The epilimnion has the highest rates of primary production, providing bacteria with labile
substrates, and the relatively high temperature and illumination can accelerate organic matter
mineralization (Moran and Zepp, 1997; Tranvik and Bertilsson, 2008; Aarnos et al., 2012;
Fonvielle et al., 2021). The metalimnion often exhibits increased microbial activities in association
with the oxygen minimum zone (Schram and Marzolf, 1994; Kreling et al., 2017). The metalimnic
temperature is still high enough to support rapid microbial growth, and the proximity to the
hypolimnion provides heterotrophs with limiting nutrients. In addition, the metalimnion receives a
high input of fresh organic particles, including zooplankton carcasses, settling from the epilimnion,
which accumulate at the pycnocline and sustain high microbial activities there (Grossart and Simon,
1998; Simon et al., 2002). Thus, LOM derived from zooplankton carcasses in the epi- and
metalimnion may stimulate microbial activities and hence overall interactive effects on
allochthonous carbon cycling in these layers.

The fluxes of zooplankton carcasses within the water column largely depend on physical
(e.g., turbulence and sinking velocity) and chemical (pH, oxygen and nutrient availability)
variables, but also biological variables (e.g., food web dynamics, zooplankton community
composition, mortality rates and habitat depth) (reviewed in Tang et al., 2014). For example,
increased turbulence in the epilimnion increases the probability that zooplankton carcasses remain
in a given water layer for a prolonged time period (Kirillin ef al., 2012); hence, the carcasses may
be subject to increased microbial degradation (Tang et al., 2006a; Tang et al., 2009). Once they
have reached the metalimnion, the carcasses leave the turbulence zone and begin to sink rapidly and
continue through the hypolimnion, where microbial degradation is expected to occur at a much
lower rate due to the lower water temperature. Thus, individual lake features would determine the
fraction of organic matter that is microbially degraded or remains on the zooplankton carcasses
when settling to the hypolimnion and finally being deposited in the sediments, i.e., contribute to
carbon sequestration.

To understand the dynamics of the dead zooplankton pool in a stratified lake, sinking and
degradation of natural zooplankton carcasses throughout the water column of Lake Stechlin
(Germany) were investigated. Based on the studied dynamics in vertical distribution, mortality and
sinking rates of the dominant zooplankton species, a simulation model summarizing the

contributions of individual species was developed in order to calculate intensity profile of LOM
4
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from dead zooplankton throughout the stratified water column. The results of our field and
modeling study advance our understanding of the role of dead zooplankton in microbial organic

matter degradation and transformation.

Method

Study site

Lake Stechlin (53°10' N, 13°02' E) is a deep dimictic oligo-mesotrophic lake in northeastern
Germany (Koschel and Adams, 2003) which is characterized by an area of 4.23 km?, a mean depth
of 23.3 m, a maximum depth of 69.5 m. Lake Stechlin is thermally stratified from April until the
end of December. In 2015- 2017, the lake showed anshowed a strong increase in total phosphorus to
33 pg L' and annual mean chlorophyll-a concentration in surface waters to 3.3 ug L' (Scholtysik
et al., 2020), which altered its trophic status between the mesotrophic and eutrophic states. Changes
in phytoplankton and zooplankton biomass revealed the proliferation of cyanobacteria and the
decrease of large-sized zooplankton (Eudiaptomus, Eurytemora) (Selmeczy et al., 2019). Aside of
the basic physical, chemical and biological parameters, the in situ live-dead zooplankton
composition (Bickel et al., 2009), microbial zooplankton carcass decomposition (Tang et al., 2006a,
2009) and non-predatory mortality of Bosmina longirostris (O.F. Miiller, 1776) (Dubovskaya ef al.,
2015) have been investigated in detail. Our study was conducted on 27" July — 1% August 2017 at a

20 m deep sampling point in the south-western basin (Fig. 1).

Sediment traps and water column sampling

The methods were similar to our previous field experiments estimating zooplankton non-predatory
mortality rate (Dubovskaya et al., 2015; Dubovskaya et al., 2018) with the same accuracy and
precision of sampling and trap performance. We used custom-made sediment traps of the Hdkanson
(1984) type, which consisted of a pair of cylindrical collectors without lids (each cylinder was 0.077
m in diameter X 0.485 m height). We deployed three sets of 2 sediment traps (at 7.0 + 0.5 m and
14.0 £ 0.5 m depths) for 24 h each of five consecutive days during the summer stratification period
in late July - early August 2017. Each set of traps was moored to an anchor and a submerged buoy,
which was marked by a small float. Before deployment, the trap cylindrical collectors were filled
with water from the corresponding deployment depth pre-screened through a 90-pm mesh. Upon
trap retrieval, water from the paired collectors of each trap was pooled and concentrated on a 90-um
mesh. Zooplankton samples were stained with aniline blue for carcass counting (Y in Equation 1;

see below).
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Zooplankton samples were collected daily near the traps at around 9-10 a.m. with an open-
close plankton net (90 pum mesh and mouth of 17 cm dia.) from 5 vertical tows: 0-3, 3-6, 6-9, 9-12,
and 12-15 m. Samples from layers of 6-9 m and 12-15 m were used to determine carcass abundance
at trap exposure depth (y*) for the upper trap (7 m, epilimnion) and the lower trap (14 m, below
thermocline at 8-10 m), respectively.

The carcasses accumulation in sedimentation traps and corresponding abundance at trap
exposure depths were measured reliably for all studied cladoceran species except for Chydorus
sphaericus (O.F. Miiller, 1776) in the metalimnion. Positioning the traps in an area of variable live
and dead C. sphaericus populations (7 m) led to significant uncertainties in determining the average
background concentration of carcasses per day and consequently for sinking velocities
calculationcalculations. Since field measurements of C. sphaericus sinking velocity at 7 m were not
reliable, this species was excluded from our model analysis. Yet, taking into account that C.
sphaericus was not abundant and it amounted to maximal 11% of the total cladoceran biomass, its
exclusion should not significantly affect our analysis of the processes of formation, destruction and

sinking of zooplankton carcasses in Lake Stechlin.

Staining, counting and biomass calculation

To distinguish between live and dead zooplankton, all zooplankton samples were stained
within an hour after collection with water-soluble aniline blue (Bickel et al., 2009) and fixed in 10%
formalin. Dominant species were counted and measured under a dissecting microscope. These
species were Cladocera Daphnia cucullata (Sars, 1862), Diaphanosoma brachyurum (Liévin,
1848), Chydorus sphaericus and Bosmina coregoni (Baird, 1857). The copepods Thermocyclops
oithonoides (Sars, 1863) and Eurytemora lacustris (Poppe, 1887) were not counted in the samples
since their abundance was negligible in the epi- and metalimnion and increased only below 12 m.
For samples with > 500 individuals, random subsamples were examined until at least 50 individuals
of the same species were counted.

The biomass of zooplankton was calculated based on a linear size-biomass relationship
using power-law formulas (McCauley, 1984). Average sizes were obtained by measuring 200

individuals under an inverted microscope (Nikon, Diaphot 300, Japan).

Sinking velocities and fluxes of zooplankton carcasses

The vertical flux F}, (ind. m™ d'!) of carcasses at the trap exposure depth /# was measured by

sediment traps as



183 F, = % 1)

184  where Y is the number of carcasses accumulated in a sediment trap per day (ind. d!), S =0.0093 m?
185 is the input area of the trap. Sinking velocity of carcasses v, (m d!) at the depths of trap exposure
186  was derived from the concentration of carcasses at the exposure depth y;, (ind. m>) and the

187  calculated vertical flux Fj, as

188 v, = 2. (2
= (2)

189 A normalized flux of carcasses F}, (d!) to the number of live zooplankton was calculated as

— Fp,
190 F,= -,
h thN(Z)dZ

3)

191  where z is the depth over the layer 0 <z < /4, N is the abundances of live individuals derived from
192  plankton net tows. If the settling carcasses are not destroyed in the water column, then their

193  normalized flow should be the same at all depths. However, if the normalized flux decreases with
194  depth, then this indicates the process of destruction of carcasses within the strata, which has to be
195  considered when modeling zooplankton mortality and LOM release. It is worth noting that the value
196  of the normalized flux is an integral value that depends only on the specific mortality and the

197  number of live zooplankton in the water column above the trap. In the steady state, the flux is not
198  related to the number of dead zooplankton in the water column or to the form of their vertical

199  distribution.
200
201  Model of formation, sinking, microbial degradation and destruction of dead zooplankton

202 The model was constructed to calculate the amount of LOM release by carcasses into the
203  water column. The model is modified from the one used to calculate the vertical distribution of live
204  and dead copepod Arctodiaptomus salinus (Daday, 1885) in Lake Shira (Tolomeev et al., 2018), by

205  adding the depth dependence of carcass sinking rate and microbial degradation.

206 It is assumed that the total amount and the vertical distribution of live zooplankton do not
207  change significantly over time. Its vertical distribution is approximated by k layers of thickness Az,
208  with corresponding positions Az < z; < k -Az and piecewise-homogeneous zooplankton abundances
209 N, withi=1 to k. Dynamics of the carcass abundance for the i-th layer is described by the stationary
210  equation for vertical advection with a zero-order source (carcasses production) term and a first-order

211  removal (carcasses destruction) term:
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4 i
2OV = mN;8(z—z) — D(2)y;, (4)

where y and N are abundances of carcasses and live individuals (ind. m™), respectively; m (d!) is
the specific non-predatory mortality, v(z) is the depth-depended sinking velocity of carcasses (m d°
1, D(z) is the depth-specific rate of carcass removal or destruction rate (d ). Here, §(x) is the unit

sample function defined as

1 ifx<O
0 otherwise ’

500 ={

By definition, F' = v(z)y is the vertical flux of carcasses. The solution of Eq. (4) can be written as,

i Vi

. _ﬂ _zD(2)
Vi (z)=6(z—zl-)mb—'.“<1“" ”iAZ>+[1—6(z—zi)]yi,zie @ T ()

The integrated distribution of the carcass concentrations y(z) depicts the sum of the solutions y;:

v(2) = T, 3:(2). (6)

The important factor that influences the rate of carbon cycling in the water column is the
release of LOM by sinking zooplankton carcasses. We separated the model parameterization of the
LOM release rate (ug DW m™ day™) in two processes with different time scales: the “microscale”
Ipwp (2) describes the slow and continuous loss of density due to continuous release of organic
matter by microbial degradation, while the “macroscale” I, (z) represents the mechanical
fragmentation of carcasses (the stage of entire carcasses disappearance, suggesting their quick
degradation). The amount of LOM released by a carcass is proportional to the change in its density.
The density p, corresponds to the initial body weight of the zooplankter DW p, (ng), and the lower
limit density pgerm = 1000 kg m™ corresponds to its complete destruction; i.e., the density at which
the amount of LOM released into the medium is equivalent to the entire body weight of the

zooplankter. The weight of the carcass, depending on p, is determined by the formula:

DWp = DWp, . P~ Prerm (7).

Po~ Pterm

Elliott ef al. (2010) proposed the empirical equation describing the carcass density

dependence on time and temperature:

p=p,—378 (1—e 23297y (In(t) + 1.39), (8)
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where p, = p(0.25) = 1045 is the initial carcass density (kg m™), T - temperature (°C) and ¢ — time
after death (from 0.25 h onward). Ranging from t = 0 to t = 0.25 h, the density p is not defined,
therefore, we will assume that the density of carcasses does not change in the first 0.25 hours after
animal death.

According to Equation 8, the most intense release of LOM occurs within the first hours after
death (logarithmic dependence on time). Zooplankton carcasses within the water column consist of
carcasses that have different "ages" from the moment of death and therefore have different rates of
LOM release; therefore, to calculate the LOM profile, it is necessary to know not only the total
number of carcasses, but also their “age” structure in each layer.

The rate of release of LOM from zooplankton carcasses can be determined based on the
obtained i-solutions y;(z) by Equation 5, reflecting the total number and the "age" structure of dead
zooplankters. Let us denote the rate of LOM release in the i-solution associated with changes in

carcasses’ density as [ DWpl,(yl-, z), whose vertical profile is defined as:

Ipwp (2) = Z{'(=1 IDWpi(Yil z) )

We will find the vertical distributions / pwp, 35 discrete values of the LOM release rate in

layers z;,,, where n is an integer 0 < n < k — i. The LOM flux in layer z;, associated with the
change in carcass body weight in each i-solution can be described as follows:

vi,Zi
IDW,DL"ZL. = (DWpO - DWpi,Zi) ' Yi,Zi ' E (10)

. . ) ) ) Az .
where DW p is initial weight of carcass, DW p; ,. is weight of carcass after time At; ,, = V—Z , 1n

L,Z i

which the carcass sinks to the lower boundary of the layer z;. At depth z > z; the LOM flux is

defined as

Ioweys, = (DW piz s = DWpizy)  Vigy, —2, (1)
where n is an integer in therange 1 < n <k —i. DWp; . and DWp;,  are
the weight of carcasses at the upper and lower boundaries of the layer z;, ,,, respectively. y; .. is
the number of carcasses at the depth z;,,, v; 5., 1s the sinking velocity of carcasses in the layer
Ziin-

Calculation of the LOM flux profile by Equation 11 requires finding DWp corresponding to

the densities p; ,,, . and p; ,,  for each water depth. However, Equation 7 does not allow direct

estimate of p;(z) at arbitrary water depths below z; due to the undefined variables v(z) and T'(z).
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Nevertheless, it is possible to find p;(z) using a recursive procedure calculating p; 5., from the
value on the previous time step p; 5, ., . With the density of carcasses at the upper boundary of the

current layer known, the reference time t’ can be calculated back to the moment of zooplankter’

death assuming constant v(z) = v;,,, and T(z) = T, . We find the time t" by the backward

Zitn

solution of Equation 8 with regard to ¢.

eO.329-T_(

pO_Pi,an_l)
3.78'(30'329'T—1)

t' = exp ~1.39 (12)

Then, substituting time (¢’ + At; ,,, ) into equation 8 as ¢, we yield p; ., , and can repeat the cycle
until the lower limit of the simulated depth range is reached. As a result, we can determine all p; ,,,
needed to compute DWp; . and thus obtain the depth profile Ipy, () by Equation 9.

Another form of release of organic matter by dead zooplankton is the complete destruction of
carcasses, determined by D(z) in Equation 4. In this case, the organic matter enters the environment
in the form of fragments of crustacean bodies. This type of organic matter can also play an important
role in accelerating the carbon cycle of the water column because the particles still contain bacteria
and fungi decomposing them in an attached form. The intensity of the release of organic matter I, (z),
determined by the destruction of carcasses, is also calculated based on the sum of i-solutions

v;(z) similarly to the equation 9:
Ip (2) = Xt Ip; (00, 2). (13)

However, instead of calculating the losses associated with the decrease in carcass weight during
their passage through the water layer, it is necessary to determine the difference in carcass numbers
entering and leaving the water layer. Multiplying the obtained value by the initial carcass weight in
the considered layer and dividing it by the time required for passing the water layer, we obtain value

Ip;. In layer z; it will be defined as

Viz

IDi,ZL' = (m ' Ni,ZL' tl',ZL' - yl',ZL') ' DWpO ' Azi 5 (14)

and at depth z > z; as

Vi 7.
LZiyn—1
Vi

vi,Zi n
~VYizpn) DW piz = (15)

IDi'ZL'+n - (Yi,an_l ' 5.
Zitn

here n depicts an integer intherange 1 < n < k —i.

Use of smoothed zooplankton distributions for the model

10
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Modeling the vertical distribution of dead zooplankton and the resulting LOM flux requires
detailed distributions of live and dead zooplankton for each layer z; as initial input. Distributions of
zooplankton were obtained from field observation data. For each day, the distribution data were
smoothed by the method of kernel density estimation for heaped and rounded data (Gross, 2015).
The obtained profiles of live and dead zooplankters of each species were further used for model

calculations.

Specific mortality m and sinking velocities of carcasses v(z) at condition D(z) = 0.

Laboratory experiments indicate that at 20 °C zooplankton carcasses did not reach the late
stage of degradation until ca. 78 hours (3.25 days) after death (Tang et al., 2006b). Consequently,
zooplankton species with high sinking rates (~20 m day™') will have sufficient time to leave the
water column before full disintegration. Under these conditions, we can assume D(z) = 0 that
makes possible calculation of the absolute values of m and v(z) in a steady state system by the

established formulas (Dubovskaya et al., 2015):

* *

_yv __mNyz
m = N-h U(Z) - y(2) (16)

where y* is carcass concentration at trap depth h , v* is carcass sinking velocities at trap depth, N is
averaged abundance of live individuals over the layer 0 <z </, N, is averaged concentration of

live individuals in the water column from the surface to depth z.

Specific mortality m and sinking velocities of carcasses v(z) at condition D(z) > 0.

If the factor depth significantly affects the value of normalized flow F(z), then this indicates
high rates of carcass removal rate in the water column, and D (z) becomes important for the model.
Since the rate of degradation is strongly dependent on temperature, one can expect that in the
warmer epilimnion, disintegration of the carcasses will occur more rapidly. However, the carcasses
start to break apart only on the late stages of degradation, after the loss of a major portion of their
carbon content. The rate of carbon release varies between species, but it usually occurs over several
days. For instance, 50% of copepod carcass carbon is mineralized within 6—12 d at a temperature
close to 20°C (Franco-Cisterna et al., 2021). In Lake Stechlin, Daphnia cucullata carcasses lose 26
to 43% C d! over a 2-day in situ experiment (Tang et al., 2009). Even in the late stage of
decomposition when most of the carcasses’ internal tissues have disappeared, the chitinous carapace
remains relatively intact (Tang et al., 2009). Consequently, despite the high rate of carbon loss by
carcasses in the epilimnion, the carcasses even at low rates of sinking (1-2 m d'') have a high

probability to leave the epilimnion before disintegration. Thus, it can be assumed that removal rate

11
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of carcasses in the epilimnion zone is insignificant compared to the lower layers. Therefore, we set
D to zero in the upper 7 m of the water column (epilimnion), so that, m and v(z) in the layer 0-7 m
can be found from Equation 16.

In order to obtain D (z) below 7 m it is necessary to know v(z) below this depth. For this,
we used the sinking velocities of carcasses measured in situ at 7 m and 14 m. Denoting v (2) as
the “reference” sinking velocity at D(z) =~ 0, and z; = 7 m and z;, = 14 m as the depths
corresponding to the measured sinking velocities, the actual sinking rate v(z) passing through z,
and z;, can be approximated linearly as:

v(z) = K(2) - vpo(2) for z; < z< 2z, (17)

K(z)=b+a-z,
where b and a are the coefficients of the line passing through K(z,) = 1 and K(z;4) =
Verap(Z14)/ Vpo(214). Fig. 2 shows an example approximating sinking velocity curve v(z) for
Daphnia (data collected on 1% August, 2017) assuming D (z) > 0, passing through the measured
sinking velocity point at 14 m. Given the distribution v(z) for D(z) > 0 in the 7-14 m layer, D can
be calculated from Equation 5. It however involves solution of a transcendental equation. As a
workaround, we assume that the destruction rate of carcasses produced in each single layer z; is
equal to zero (i.e., in layer z;, only the carcasses degrade, deposited from the upper layers). The
assumption is plausible because a newly formed carcass is unlikely to be immediately destroyed.

Then the destruction rate D, is determined as follows:

Yi—1""-
DZ. = ln(— mTL) r— (18)

All model calculations were implemented in the programming language R, ver. 4.1.1 (R
Core Team, 2021), using the basic R functions and the tidyverse packages (Wickham et al., 2019).
To find the boundaries of the metalimnion, we used the R package rLakeAnalyzer (Winslow et al.,

2019).

Results

Vertical distribution in abundance of live and dead zooplankton and carcass sinking flux
Cladocerans dominated the zooplankton community, represented by four main species:

Daphnia cucullata and Bosmina coregoni in the epilimnion; Diaphanosoma brachyurum and

Chydorus sphaericus in the metalimnion (Fig. 3 - 6). Among these, D. cucullata and D. brachyurum

12



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
400
401
402
403
404
405
406
407
408

contributed ca. 50% and 30% of the biomass, respectively (Table 1). The averaged percentages of
carcasses among these zooplankton species ranged from 4.6% to 8.9% throughout the water column,
0-15 m (Table 1).

Abundance of live and dead cladocerans in the water column per m? varied noticeably during
the six days of sampling. However, these fluctuations usually did not exceed a factor of two. An
exception was the abundance of live B. coregoni, which varied by a factor of 6.5 (Fig. 4 C). The
distribution of D. cucullata and B. coregoni populations within the epilimnion zone was patchy. We
observed substantial changes in the abundance of live individuals in different layers of the epilimnion
over time (Fig.3 A, 4 A). The dynamics and spatial distribution of metalimnetic populations of D.
brachyurum and C. sphaericus were more consistent (Fig. 5 A, 6 A).

The dynamics of dead and live individuals of D. cucullata were closeclosely linked with each
other (Fig. 3 A-C). Changes in abundance of carcasses of B. coregoni also followed those of living
individuals (m?), except on 31% July (Fig. 4 A-C). However, the dynamics of carcasses of both D.
brachyurum and C. sphaericus differed substantially from live individuals (Fig. 5 A-C and Fig. 6A-
O).

Carcass sinking fluxes of D. cucullata and B. coregoni measured by sediment traps each day
were similar at 7 m and 14 m depths, but differed markedly between the sampling time points (Fig.3
D, 4 D). In contrast, the sinking flux of D. brachyurum carcasses considerably decreased from 7 m
to 14 m (about 2.5 times) (Fig. 5 D). Accumulation of C. sphaericus carcasses was also lower in the

lower traps (Fig.6 D).

Sinking velocities and normalized fluxes

Distribution of sinking velocities of B. coregoni, D. cucullata, and D. brachyurum at 7 m
and 14 m depths, i.e. in tothe meta- and hypolimnion, revealed a similar pattern (Table 1). Sinking
velocities of these cladocerans were significantly lower at 7 m than at 14 m. B. coregoni carcasses
sinking rate was the highest among all species and reached 14 and 20 m d™! at 7 and 14 m depths,
respectively. Yet, the increase in B. coregoni sinking rate at 14 m was not pronounced (ca. 1.5-fold)
when compared to D. cucullata and D. brachyurum carcasses, which were sinking at 1 - 2 m d! in
the metalimnion, but increased to 6 - 8 m day™!' at 14 m depth (Table 1).

Differences in normalized fluxes of D. cucullata and B. coregoni carcasses between 7 m
and 14 m depths were not significant (Table 1), indicating that these carcasses were not
substantially degraded in the water column. It is worth noting that the normalized fluxes of B.

coregoni carcasses (0.110-0.134 d!) were an order of magnitude higher than those of D. cucullata
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(0.006-0.007 d'!). The decrease in the normalized flux of carcasses of D. brachyurum from 0.017 d’!
at 7mto 0.003 d! at 14 m was significant (Table 1).

Simulation results

The non-predatory mortality was highest for B. coregoni (0.129 d™!), followed by D.
brachyurum (0.020 d™') and finally D. cucullata (0.008 d™!; see also Table 2). The significantly
higher mortality of B. coregoni than of other species was consistent with the highest percentage of
dead B. coregoni in the water column (Table 1).

Sinking velocities of dead individuals of these cladoceran species had a similar pattern of
vertical distribution (Fig.7). The calculated sinking velocities were minimal in the epilimnion (ca. 1-
2md! for D. cucullata and D. brachyurum and ca. 6-7 m d'! for B. coregoni), which is consistent
with the higher epilimnic turbulence. From the metalimnion to the hypolimnion, carcass sinking
rates increased, but in the deeper part of the hypolimnion they tended to stabilize or even decrease
(below 12 m for B. coregoni and D. brachyurum). Sinking velocity of D. cucullata carcasses,
however, further increased at 14 m. Yet, accuracy of sinking velocity calculations decreased at
lower depths as live and dead zooplankton abundances were relatively low in these water layers. It
may seem confusing that carcass sinking velocities near the surface were close to zero. In fact, the
model does not show the physical sinking velocity of individual carcasses, but rather the resulting
settling and rising velocities of the whole population. For example, if turbulent vortices hold the
carcass in the surface layer, the resulting sinking velocity would be indeed low.

Although the decrease in normalized carcass fluxes from 7 to 14 m for D. cucullata and B.
coregoni was statistically insignificant (Table 1), we assume that the degradation of dead
zooplankton in the water column was within our methodological accuracy. Nevertheless, we
estimated carcass destruction rates (D) assuming a proportional increase in sinking velocities
between 7 and 14 m, according to the Eqgs. 17 and 18. Maximum destruction rate D in the 7 -14 m
water layer were 0.36 d! and 0.71 d”! for D. cucullata and B. coregoni, respectively, and occurred
at the lowest depth, i.e. 14 m (Table 2, Fig.7).

For D. brachyurum, the normalized carcass flux decreased by as much as 82% between 7
and 14 m (Table 1). The large difference between the measured sinking velocity (5.9 m d’!; Table 1)
and the calculated velocity (34.9 m d'!; Table 2) at 14 m indicates a high destruction rate of D.
brachyurum carcasses. Our model (without any carcass destruction) and actual sinking velocities of
D. cucullata and B. coregoni carcasses differed only by 1.5 and 1.2 times, respectively, but by
almost 6 times for D. brachyurum (Table 2). The destruction rate of D. brachyurum was estimated

to be 3.99 d"!(Table 2).
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Different species contributed differently both to the formation of total LOM of dead

zooplankton, and to its separate fractions Ipy, B and Ip (Table 2). The largest contribution to LOM
as Ipy p Was made by B. coregoni at 3.87 + 0.42 mg DW m™ (44.3%), due to its high population

mortality during the study period and the low rate of carcasses destruction. The highest input of
LOM in the form of destroyed carcasses I, was from D. brachyurum at 2.93 £ 0.54 mg DW m™
(62.4 %). D. cucullata, despite dominating the biomass (50%) of all cladocerans, contributed
relatively little LOM: 2.18 £ 0.13 mg DW m™ (25.6 %) and 0.54 £ 0.15 mg DW m (10.1 %) of the

fractions Ipy, p and Ip, respectively, because of its low mortality rate during the observation period.

The profile Iy, p showed two maxima, one in epilimnion (2.5 m) formed by B. coregoni

and D. cucullata, and one in metalimnion (7.5 m) formed mainly by D. brachyurum (Fig. 8). Both
maxima were comparable to each other and yielded an input of LOM of 0.7 - 1.2 mg m™ d!. Since
the highest rate of organics released by the crustacean carcasses has been observed in the first few
hours after the animal’s death, the profile of LOM influx practically coincided with the distribution
of carcasses in the water column (Fig. 8). In other words, the carcasses lost most of their organic
matter not far from the place of their formation.

Total destruction of carcasses Ip began in the metalimnion and reached maximum values of
0.8 mg m™ d! approximately at the bottom of the thermocline at 8 m depth and then gradually
decreased with increasing depth. A smooth reduction in I, was achieved by a balance between
some increase in carcass destruction rate with sinking time and the decrease in carcass abundance

with depth (Fig. 8).

Discussion

We revealed distinct species-specific differences in carcass distribution, sinking and
potential release of LOM and microbial degradation in the water column of a stratified lake. In
particular, planktonic crustaceans differed in their abundances, mortality rates, sinking velocities,
and carcass degradation rates in different water layers, i.e., epi-, meta-, and hypolimnion. We tried
to distinguish between the release of organic matter in the beginning and later stages of carcass
degradation and relate them to the spatial structure of cladoceran zooplankton using the modeling
approach.

The analysis of the processes of carcass degradation by means of the model revealed
findings that were not obvious. For example, the abundance of B. coregoni carcasses was 5 times

lower than D. cucullata carcasses and it was minimal among all cladoceran species, but the sinking
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velocities of B. coregoni carcasses were the highest, suggesting a short residence time in the water
column. The high sinking velocity of B. coregoni carcasses in comparison to all other cladocerans
was probably due to their relatively higher body density. B. coregoni, which had a body size ca. 1.6
times smaller than D. cucullata, nevertheless had almost the same body weight (1.9 pg DW).
Therefore, one would expect B. coregoni to make a smaller contribution to the total LOM.
However, the overall mortality of the B. coregoni population was the highest of all species studied,
exceeding the mortality of Daphnia by ca. 16 times. This compensated for the relatively low
abundance of this species and its high carcass sinking velocity, resulting in a large Bosmina

contribution to the total LOM flow via zooplankton carcasses. The Ipy, o fraction of LOM released

by B. coregoni was the highest among all species, at 44 %. The abundance of D. brachyurum and
D. cucullata carcasses were of the same magnitude, but D. brachyurum contributed 62% (Ip
fraction) compared to 10 % for D. cucullata to the total LOM, due to the higher destruction rate
and the lower sinking velocity of D. brachyurum carcasses.

It is worth noting that non-predatory mortality values can vary over a wide range for natural
cladoceran populations from low during growth and steady-state to high during population decline
(Gladysheyv et al., 2003; Tang et al., 2014). The development conditions for the B. coregoni
population during the observation period were likely less favorable than for other species. For
instance, the non-predatory mortality rate of a closely related species Bosmina longirostris derived
from sediment trap data in Lake Stechlin during steady-state of the population (Dubovskaya et al.,
2015) was lower: 0.015 d™!. However, non-predatory mortality rates of Daphnia measured by
sediment traps in Lake Constance was of the wide range 0.002—0.18 d! (Gries and Giide, 1999) as
in our study. This suggests that the contribution of zooplankton carcasses to the overall carbon flux
and their ability to stimulate microbial organic matter degradation in each period of the growth
season was highly species-specific and depended on the current state of the populations and lake
ecosystem. In order to calculate the parameters /pw, and Ip of the released LOM, the model has to
rely on some assumptions that may need further explanation. One of the most important
assumptions made in the model is that there is no significant carcass destruction in the epilimnion.
A comparison of the normalized carcass fluxes of D. cucullata and B. coregoni for the 7 and 14 m
water layers shows that their destruction in the upper layers can be indeed neglected.
Underestimation of carcass destruction (if any) actually means an underestimation of the non-
predatory mortality for the species. However, with fixed sinking velocities, any increase in non-
predatory mortality values will lead to an increase in carcass destruction rates at lower depths
according to the model. As a result, the correction made may affect the absolute calculated values of
natural mortality and thus carcass destruction rates, but does not substantially affect the shape of the

vertical profile of LOM release from sinking carcasses. Consequently, our model results concerning
16



510
511
512
513
514
515
516
517

518
519
520
521

522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543

occurrence, relative location, and relative magnitude of LOM released from dead zooplankton
throughout the water column will be valid regardless of the assumptions made.

Our model predicts two peaks of organic matter release—one located in the epilimnion and
the other one in the metalimnion—both having different origins. The epilimnion peak of LOM
release is associated with the mortality of zooplankton primarily inhabiting the upper water layers
(e.g. Daphnia and Bosmina). It is formed by substances released by fresh zooplankton carcasses
during the first hours (up to one day) after death while maintaining carapace integrity. In the model,

this fraction is defined through the loss of carcass density Iy, B and refers to the highly

biodegradable carbon fractions in dissolved or partially solid form. This fraction can supply
heterotrophs with the energy and nutrients needed to synthesize enzymes capable of degrading less
bioavailable material (Neubauer et al., 2021). The deeper metalimnetic peak is associated with

carcasses of D. brachyurum contributing to a local LOM release Iy, o enforced by the flux of

organic particles (Ip) from the upper water layers. The latter fraction I, represents the entry of
organic matter into the surrounding medium in form of fragmented carcass particles. Obviously, the
LOM fraction represented by I is of lesser quality, because of the higher proportion of chitin at the
late stages of microbial carcass degradation. However, fragments of the disintegrated carcasses
spread into a much larger volume of the water column, carrying attached microorganisms and
allowing them to get in contact with other organic particles in the water column. Additionally,
smaller particles may have lower excess density and, therefore, can be trapped in the density
gradient zone (thermocline) and involved in the local carbon cycle. Chitin, being a relatively hard-
to-degrade polysaccharide, still contains nitrogen molecules needed by bacteria. Therefore, under
conditions of nitrogen deficiency, it promotes development of specialized heterotrophs that can
decompose polysaccharides for nitrogen mining (see e.g. Bengtsson et al., 2018). This increases
microbial species diversity, which is necessary for a more effective mineralization of organic matter
with a low bioavailability in lakes.

The depth of formation of the second peak corresponds approximately to the depth of 8 m
(intersection of curves Ipmp and Ip), which is the bottom of the thermocline. With the observed
composition and distribution of zooplankton, the most likely zones of carcass-induced increase in
interactive effects as determined by the release of LOM from dead zooplankton are localized either
in the epilimnion or in the metalimnion zone, i.e. at the thermocline density gradient.

The predicted zones of maximum LOM release do not necessarily correspond to the highest
microbial carbon mineralization rates in the water column (data of Franco-Cisterna et al., 2021), but
may represent the starting point for microbial organic matter remineralization and related interactive

(“priming”) effects (Kolmakova et al., 2019; Neubauer et al., 2021). In any case, our model
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provides reliable estimates for scenarios of carcass LOM release and transfer into the surrounding
during carcass sinking throughout the stratified water column. It suggests an important role of
sinking zooplankton carcasses for the overall lake carbon cycle. Nevertheless, to better quantify
their significance, the formation of microbial aggregates and the interactions of carcass LOM with
organic material of different origins (e.g. dead phytoplankton and allochthonous particulates) and
their hydrophysical properties, i.e. buoyancy and accumulation at density gradients such as the
pycnocline, need to be investigated. The accumulation of carcass LOM and other organic matter in
distinct water layers as indicated by our model can potentially accelerate microbial mineralization
of both autochthonous and allochthonous organic matter and thus profoundly affect the carbon

source and sink functions of stratified lakes.

Conclusions

Sinking velocity, mortality rates, and degradation rates of cladoceran carcasses in the
stratified lake were species-specific. The model simulation allowed us to describe mechanisms of
LOM formation from zooplankton carcasses in a stratified lake and to determine vertical profiles of
LOM distribution, which appeared to vary in space and time. The model predicts a bimodal
occurrence of LOM release intensity peaks in relation to the presence and sinking of zooplankton
carcasses throughout the water column, with epilimnic and metalimnic peaks. The epilimnic LOM
peak was primarily formed by microbial LOM release from fresh zooplankton carcasses without
destroying carcass integrity. The metalimnic peak, however, comprised of LOM released by both
intact, fresh carcasses from the metalimnion but also aged, heavily degraded carcasses from the
epilimnion. This carcass LOM mixture potentially increases metalimnic LOM chemodiversity and
diversity of the microbial community, and likely intensifies microbial organic matter degradation.
Thus, LOM of zooplankton carcasses, in particular when accumulating at density layers such as the
pycnocline has the potential to change the carbon sink towards a carbon source function of stratified

lakes, which will be further amplified by current global warming.
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720 Table and Figure legends

721 Table 1. Average length, dry weight, biomass of live and dead zooplankton, sinking

722 velocities and normalized fluxes of dead cladocerans in Lake Stechlin. Significance of differences
723 in values between 7 m and 14 m were assessed by t-test.

724 Table 2. Average natural mortality rate, maximum carcass decomposition rates at 7 - 14 m,
725  and hypothetical sinking velocity at 14 m (model), corresponding to D = 0.

726 Fig. 1. Map of Lake Stechlin with sampling location.

727 Fig. 2. Example of calculated sinking velocity vpo(z) under the condition D(z) = 0 and
728  interpolated sinking velocity v(z) by Equation 17 through the actual velocities determined via

729  sediment traps at 7 and 14 m depths for Daphnia on 1% August, 2017.

730 Fig. 3. Variations of vertical distributions of live and dead D. cucullata, variations of their
731  abundance per m? and the carcass sinking flux at 7 and 14 m as estimated via sediment traps.

732 Fig. 4. Variations of vertical distributions of live and dead B. coregoni, the variations of
733 their abundance per m? and carcass sinking flux at 7 and 14 m as estimated via sediment traps.

734 Fig. 5. Variations of vertical distributions of live and dead D. brachyurum, the variations of
735  their abundance per m* and carcass sinking flux at 7 and 14 m as estimated via sediment traps.

736 Fig. 6. Variations of vertical distributions of live and dead C. sphaericus, the variations of
737  their abundance per m* and carcass sinking flux at 7 and 14 m as estimated via sediment traps.

738 Fig. 7. Distributions (5-days averages) of live and dead D. cucullata, B. coregoni, and D.
739  brachyurum individuals and their corresponding fitted carcass sinking velocities (v) and degradation
740  rates (D).

741 Fig. 8. Vertical distribution of total biomass of live and dead D. cucullata, B. coregoni, and
742 D. brachyurum in Lake Stechlin (27" July to 1* August, 2017), as well as their corresponding
743 model calculations of LOM release into the water column as /pw, and Ip and their sum.

744
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746
747

748

Table 1

(mg m)

Parameter D. cucullata B. coregoni D. brachyurum C. sphaericus
Length (mm) + SE 0.714 £ 0.010 0.430 + 0.006 0.723 £ 0.008 0.267 + 0.003
Dry weight DW (pg) + SE 1.91£0.072 1.92 £0.068 1.3540.043 0.78 £0.032
Biomass and
percent contribution in 566.67 +45.8 101.44 £15.48 345.61 +44.97 126.29 £ 6.99
cladoceran biomass (49.71%) (8.9%) (30.32%) (11.08%)

Percentage of dead
of each species

4.82+0.48 %

8.91+0.89 %

5.85+0.88 %

4.59+0.43 %

Measured sinking velocities v, m d!

7m 2.15+0.40 14.01 £0.98 1.10£0.20 17.52 £ 2.40°
14 m 7.64 +1.62 19.53 £1.92 5.88+1.44 9.31+1.31
t-test 3.30 2.55 3.28 -
Normalized flux F, d’!
7 m 0.007 £ 0.001 0.134+£0.011 0.017 +£0.004 -
14 m 0.006 + 0.001 0.110 + 0.009 0.003 +0.001 -
Percentage of flux reduction 14.3% 17.9% 82 3%
between water layers
t-test 0.94 1.72 3.43 -

2 artifact of sinking velocity determination (C. sphaericus) at 7 m, explanation provided in the main text. Bolded t-
values represent significant differences (p < 0.05)
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749  Table 2.

Fitted parameters D. cucullata B. coregoni D. brachyurum
m — specific mortality rate (d') 0.008 + 0.001 0.129+£0.012 0.020 + 0.004
Dy — maximum specific destruction rate of 0.362 +0.076 0.709 £ 0.263 3.990 £ 1.109
carcasses in the layer 0 — 14 m (d™)

Hypothetic sinking velocities (m d!) at 14 m 11.8+1.9 23.7+3.6 349+9.5

depth, calculated for the case D = 0

Ratio of hypothetical sinking velocity (for D =

0) to observed one at 14 m 1.5 1.2 5.9
Contribution of species to total LOM
(mg DW m?)
2.18+0.13 3.87+0.42 2.6+0.32
Ipr - fraction (25.6 %) (44.3 %) (30.1 %)
I - fraction 0.54+0.15 1.57+0.61 2.93+0.54
b (10.1 %) (27.5 %) (62.4 %)
750
751
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