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Synopsis Ma ny orga nisms exhib i t col le ct ing an d gath ering be h aviors a s a f oraging a n d survival m eth od. Benthic macroinver- 
t ebrat es are classified as col le ct or–gatherer s due to their col le ct ion of p art icu la te ma tter. Am ong th ese, th e aquatic oligoc haet e 
Lu mbricul us varie gat us (Calif orni a bl ackw orm s) demon strates the a b ili ty to in g est both or ga nic a n d in organic m aterial s, in- 
cludin g microplastics. How ev er, earlier studies hav e on ly qua litat i vel y described their col le ct ing behaviors for such m aterial s. 
Th e m ech ani sm by which blackw orm s con s olidate dis crete p art icles into a lar g er clump remain s unexplore d quant itat i vel y. 
In this study, we analyze a group of blackw orm s in a lar g e arena with an aqueous algae sol u tio n (o rga nic pa rticles) a n d fin d 
t hat t h eir re lati ve co llecting efficiency is p ropo rtio nal to po p ulation size. We found that dou bling th e popu lat ion size ( N = 

25–N = 50) results in a decrease in time to reach co nsolidatio n by mo re th an h alf. Microscopic examin atio n o f individ ual 
blackw orm s rev eal s th at both algae and microp lastics p hysicall y adhere to the worm’s b o dy and form clumps due to external 
mucus se cret ion s by the w orm s. O ur observat ions a lso indicate t hat t his cl ump ing behavio r red uces the wo rm’s explo ratio n o f 
i ts enviro nm ent, possi b l y due to t higmot axis. To validate t hes e obs erve d biophysica l me ch ani sm s, w e create an activ e polymer 
m ode l of a worm moving in a field of p art icu late de bri s. We sim ula te its adhesive nature by implementing a s h ort-range attrac- 
t ion betwe en t he wor m and t h e n eares t s urrounding p art icles. O ur fin dings in dicate an in cre ase in gat her ing efficien cy wh en 
we add an att ract ive force betwe en p art icles, simu lat in g the w orm’s mucosal secretions. Our work provides a detai le d under- 
st anding of t he complex mech ani sm s underlyin g the col le ct ing–gat her ing behavior in L. varie gat us , inf or ming t he design of 
b io insp ire d synthet ic col le ct or syst ems, and advances our understanding of the e colog ica l imp acts of microplastics on benthic 
invert ebrat es. 
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ntroduction 

a ture con ta ins ma ny orga ni sms th at ut i lize forag ing
n d gath ering be havior s t o obta in f o o d . Ants, t ermit es,
 nd bees a re a l l or ganism s that exhib i t col le ct ive behav-
o r bu t have a hierarchical social system in place ( Haifig
t a l. 2015 ; Fran k a nd Linsenma ir 2017 ; Lema nski et al.
019 ). Simi larly, de co rato r crabs and a ssa ssin bugs are
xamples o f o r ganism s that ut i lize a gat her ing behav-
or to harvest for their survival or h un t ing, respe c-
i vel y ( Bra ndt a nd Mah sber g 2002 ; Thanh et al. 2003 ).
n e such organism, th e b enthic oligo c haet e Lumbricu-
 dvance A ccess pu blication Jun e 27, 2023 
C Th e Auth or(s) 2023. Pu blis h ed by Oxford University Press on behalf of the
o r permissio ns, plea se e-m ai l: j ourna ls.permissio ns@ou p.co m 
us v ari e gat us , exhib i ts this behavior through the forma-
io n o f p art ic le c lust er s. Th ey can gath er sma l l materia ls
 < 1 mm in p art icle size) in th eir environm ents as an in-
iv idu al s or a s a col le ct iv e ( Cummin s and Klug 1979 ).
orms are unique in that, un li k e a nts o r termi tes, they
xhib i t co mp lex, p hysica l ly entangle d col le ct ive behav-
o r wi thou t a hierarchy ( Nguyen et al. 2021 ; Ozkan-
ydin et al . 2021 ; S hishk ov a n d Pe leg 2022 ; De blai s et al.
023 ). 
B lac kw orm s hav e been found to acti vel y mod-

fy aqu atic env ir onments thr o ugh bio turb at ion,
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Fig. 1 Experimental Setup Schematic of experimental setup. 
Large-scale arenas are used for collecting–gathering experiments in 
a 10 x 10 cm 2 Petri dish with 50 mL of filtered water and 10 mg 
(dry weight) of algae. These experiments are filmed from above 
using a webcam. Small-scale arenas evaluate a single worm’s 
collecting biophysics using a confocal Petri dish with filtered water 
and 1 mg (dry weight) of material, either algae or microplastics. 
These experiments are filmed from above using a microscope 
camera. 
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which invo l ves reworking and vent i lat ion, an d th eir
role as b iodiffuso rs and upward conv ey ors is well-
establis h ed ( Kristensen et al. 2012 ; Roche et al. 2016 ).
As oligoc haet es, blac kw orm s are categorized as a mem-
ber of the col le ct in g–gatherin g funct iona l fe e ding
groups (FFGs), which harvest and fe e d on fine p art icles
at an d be low th e sedim en t-wa ter in terface ( Cook 1969 ;
Cummins and Klug 1979 ; Wotton 1994 ; Ilyashuk 1999 ).
B lac kw orm s use an eversible pharynx to fe e d and have
a mucus-lined b o dy wall that aids in l ub ricatio n and
resp iratio n, al t hough t hey may also use their tails for
o xygenation ( Go ve dich et a l. 2010 ; Timm a nd Ma rtin
2015 ; Tuazon et al. 2022 ). Though there is no direct ev-
idence fo r blackwo r ms’ us age of their mucus b o dy wa l l
for col le ct ion, it h a s been s h own that particle capture
u sing mucu s i s ut i lize d by m any other m acroinver-
t ebrat es, suc h as the po l yc haet e Ch a e t opt erus , larval
midges (Chiro no midae), and the terebellid Eu po lym n ia
( Wotton 1994 ). 

In this w ork, w e quan tita ti vel y as ses s the unexplored
mech ani sm of particle aggregation by blackw orm s in
a de bri s-fil le d environment. We first analyze their col-
le ct ive behavior in an algae-laden lar g e arena, follow ed
by a microscopic study of indiv idu al worm behav ior in
a sma l ler sett ing. Subse quent ly, we extend t his study
to examine blackwo rm interactio ns wi th microplastics,
co mmo nly found in their n atural h ab i tat ( Krause et al.
2021 ). We supplement our empirical findings with a
co mpu tatio nal m ode l sim ula ting a worm in a de bri s
field b ase d on van der Waals force, app l ying a s h ort-
ran g e att ract ive fo rce o n the wo rm t o replicat e the stic ky
mucus layer that facilitates p art icle agg regat ion. 

Materials and methods 
Animals 

We obtained California blackw orm s (len gth 30.2 ±
7.4 mm, diameter 0.6 ± 0.1 mm, and m a ss 7.0 ± 2.4 mg)
a nd algae ( Ch lamydo mo nos r einhar dti i ) fr om War d’s
Science. Worm s w er e r ear ed in a plas tic s tora ge box (35
t imes 20 t imes 12 cm) fil le d with filtere d water. They
were fed fish fo o d p el lets dai ly, an d th eir water was re-
pl aced d aily. Worm s w ere kept in wa ter a t room tem per-
atur e ( ∼21 ◦C) befor e any experiments. We ensured that
t he wor ms used in our experiments were not reused by
placing them in a separate co ntainer, wi th each individ-
ual w orm bein g use d on ly once to ma inta in consistency
in our res ults. Ins ti tu tio n al anim al care co mmi ttee ap-
proval is not re quire d for studies with blackw orm s. 

Data acquisition 

In our lar g e arena experiments, w e re corde d the black-
w orm s’ behavior using a Log ite ch Brio 4K (Ta iwa n,
R OC) w ebc am pl aced in a photobox with fixed light-
ing ( ∼500 lux). The webc am c aptured frames in TIFF
forma t a t a ra te o f 0.20 FPS fo r a total d uratio n o f two
hours, w ith d ata an alysi s focu sed on the first 90 min.
Th e experim ental setup invo l ved adding 10 mg of well-
mixe d a lgae to a 10 times 10 cm 2 Petri dish containing
50 mL o f fil t ered wat er ( Fig. 1 ). We sele cte d a lgae due
to its abun dan ce as a fo o d sour ce in natur e and gr een
color, which i s di stingui sh able for im age an alysi s. Sub-
sequent ly, wor ms were distr ibut ed int o t he arena, wit h
variations in po p ulation size ( N = 10, 25, or 50). We
sele cte d these po p u lat io ns to p rovide a ran g e of sam-
ple sizes while en surin g o p tim al vi sib ili ty and minimiz-
ing potent ia l bloc kage of mat er ial from t h e cam era. Th e
m a ss of algae wa s mea sured by drying it using paper
towels. Addi tio na l ly, w orm s w ere adequately fed before-
hand to minimize algae co nsumptio n d ur ing t he exper-
imen ts. This 90-min dura t ion was b ase d on the prelim-
inar y obser va tion tha t a po p u lat io n size o f 50 wo rms
t ypic a l ly reache d its pea k col le ct ion in around 30 min.
Each t ria l was repeate d five t imes. 
For the single worm experiments co nd ucted in the

sma l l arena, we ut i lize d a Leica MZ APO microscope
(Heerbrugg , Sw itzerl and) e quippe d with an Image-
Source DFK 33UX264 camera (Charlott e , NC, USA).
Th e cam era r ecor ded at a frame rate of 30 FPS for one
hour with fixed lighting ( ∼200 l ux), wi t h dat a an alysi s
focused on the first 30 min. Thr ough pr eliminary tri-
als, w e observ ed that the col le ct ing behavior of individ-
ual w orm s in the sma l l ar ena r eached a r e lative ly sta-
ble state within this tim e fram e. Th e sma l l arena, con-
sisting of a 20-mm glass po rtio n o f a 35-mm co nfo-
ca l Pet r i dish, cont aine d filtere d water and the desired
t est mat eria l (a lgae or microplast ics). Simi lar to a lgae,
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e sele cte d microplast ics b ase d on their high ly con-
 rast ing color an d th eir prevalen ce as a pervasive con-
a mina n t in freshwa t er syst ems. S ma l ler an d h e alt hier
 orm s (len gth 17.6 ± 1.8 mm) were randomly sele cte d
or these experiments to prevent interference from the
rena wa l ls. Hea l thy wo rms are defined as having both
 nterior a n d posterior segm en ts tha t are inspe cte d v i a
 microscope. Algae and microplastics ( μP, polyethy-
en e microsph eres, diam eter 68 ± 6 μm, and density
.35 g/cc) were used as the organic an d in organic ma-
eria ls, respe ct i vel y, for the test m aterial s. Prior to expo-
ure to the test m aterial s, each worm underwent a one-
our control p erio d in the arena containing only water.
n e ach tr ial, 1 mg of dry m aterial wa s w ell mix ed and
isper sed int o the wat er in the glass po rtio n o f t he Petr i
ish. Each t ria l was repeated five times. 

ata analysis 

mages captured from the webcam were processed us-
n g Imag eJ software ( Schin de lin et al. 2012 ). First, noisy
 lem ents were removed from the image by subtract-
ng the b ackg round . Then, eac h stac k wa s bin arized
it h t he s ame color threshold settings to isolate only
he g re en colo rs co rrespo nding t o algae . Finally, the t o-
al pixel areas were ca lcu late d, co rrespo nding to algae
 ver time, b y analyzing the stack. To obtain the relative
mount of algae collect ed , the data were norma lize d by
ividing e ach st ack by t he maximum t hres h old area of
he entire stac k, whic h we refer to as the relative mate-
ia l col le cte d. Fina l ly, we shifte d the curve to o ffset i t to
er o per cent. 
Ima ge s t acks from t h e microscope cam era were
ownsampled to 1 FPS using Adobe TM Pr emier e Pr o
 or a n alysi s. Th e sam e p rotocol as p re viously des cribed
 o isolat e a nd a na lyze the respe ct i ve co lo rs o f materi-
l s wa s fol lowe d here. To est imat e a worm’s posture ,
imilar thres h olding a s previou s ly descri b ed was p er-
orme d to seg ment the wo rm fro m the mat erial . A met-
ic ca l le d “extent” ( r ee ) o f the wo rm was define d to est i-
ate the distance between two of the farthest a wa y pix-
ls in the seg mente d image of a worm. This metric was
sed to measure how “explo rato ry” (lar g e r ee ) or curled
p (lower r ee ) the worm was. Using this p i pe lin e, th e r ee 
f a sin gle w orm was comp are d in materia l versus the
 ame wor m in a cle an environment. 

esults 
lackw orms’ collectiv e–gathering of algae 

e first descr ibe blackwor ms’ col le ct ing–gat her ing be-
 avior, focu sing on algae as the orga nic pa rticulate ma-
eri al ( Fig . 2 ). We al so a s ses s the impact of po p ula-
ion size on this be havior. Instan ces are presented for
hree po p ulation sizes ( Fig. 2 , top). The camera ini-
 ia l ly dete cts on ly a sma l l am ount of fin e ly mixe d a lgae
 ue to i ts sp at ia l concent rat ion in the arena. As w orm s
 ove aroun d, th e disperse d a lgae agg rega tes in to a
a rk er g re en pig m ent, in cre asing t h e re la tive ma terial
ol le cte d, which we refer to as the agg regat ion ph a se.
f ter t his phase, wor ms consolidate t he algae into a sin-
u lar blob, de cre asing t he color as t h ey assimilate it an d
lock it from the c amera’s v iew ( Fig . 2 , bottom, and Sup-
lementa ry Inf o rmatio n Fig. 3 , top 3 pan e ls). We refer
o this as the co nsolidatio n ph a se. Moreov er, w e observ e
hat for a sp ecific p o p u lat ion size, the t ransit ion from
gg regat io n to co nsolidatio n, if observed, t ypic ally oc-
urs at the peak of the curve (r epr esented by red dots in
ig. 2 , bottom). 
Th e re lat ive a lgae col le ct io n fo r N = 50 wo rms

eaches a maxim um a t ∼25 min as they t ransit ion from
gg regat ion to consolidat ion. The re duct ion in black-
orm po p u lat ion wit hin t he arena le ads to a noticeable
elay in the overa l l col le ct io n o f a lgae, as evidence d by
h e m ore tha n two-f old incre ase in t h e tim e r equir ed to
e ach maximum ag g regat io n fo r N = 25 (bl ue curve)
omp are d to N = 50 (oran g e curv e). This sugg ests that
 lar g er po p u lat io n o f blackwo rms enha nces f o o d re-
ource col le ct ion and agg regat ion, possib l y due to a
rea ter n umber o f individ uals o r to social am plifica tion
 Amé et al. 2006 ; Savoie et al. 2023 ). We note that black-
 orm s w eakly sm e ll algae and strongly sm e ll each other,
s t est ed using an olfact omet er (see Supplementary In-
o rmatio n Figs. 1 and 2). Further reducing the po p ula-
ion to N = 10 (yellow curve) leads to agg regat io n bu t an
vera l l fai lur e to r e ach t he co nsolidatio n ph a se within
he 90-min p erio d. 
Across these col le ct ive–gat her ing exper iments, we
bserve t hat dur ing t he first ∼30 min of the aggrega-
ion p erio d, the col le ct ion is simi la r f or a l l po p u lat ion
eve ls. On in div idu al wor ms, t he algae appe ar s t o ad-
ere to the worm’s b o dy, co a lescing into a larger clump
s it moves down o nto i ts tail, which may som etim es ap-
ear as a “hook” shape ( Fig. 3 algae at t = 0, 3 min, and
upplementary Movie 3). Ther efor e, we next investigate
he potent ia l me ch ani sm s by which a sin gle w orm can
ggrega te ma terial in detail. 

ingle worm collecting–gathering biophysics 

nder microscop ic examinatio n in a sma l l arena, we
nalyze how indiv idu al bl ackw orm s col le ct both al-
ae and microplastics. Two dis tinct a g gregation met h-
ds ar e observed: “thr eading” and “perista lt ic” agg re-
ation, which are used by w orm s when gathering both
lgae and microplastics ( Fig. 1 , Supplementary Movies
 and 3). In “t hre ading” behavior, a worm aggre-
a tes ma teria l a lo ng i ts b o dy i s by pa ssing i ts anterio r



4 Tuazon et al. 

Fig. 2 Collective–gathering of algae by blackworms. (Top) Three blackworm trials with N = 10, 25, and 50 worms collecting 10 mg of algae. 
The maximum aggregation period for N = 25 and 50 are labeled in the graph below. (Bottom) Graph showing the r elativ e algae collected 
for the three populations over time. The data were obtained by thresholding algae in ImageJ. Each curve represents the average relative 
algae collected, and the vertical bars show the standard error for n = 5 trials. (Supplementary Movie 1). 
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segments through the clump on its tail ( Fig. 3 , top
pan e ls from t = 3 to 10 mins, and Supplementary
Mo vie 2). I n “per ist a lt ic” agg regat io n, cl umps o f p art i-
cles mo ve do wnwards alon g the w orm’s b o dy towards
t he t ai l ( Fig. 3 , midd le p an e ls from t = 3 to 10 min,
an d Supplem entary Movie 3). We observe worms using
th ese two m eth ods r egar dless of the materia l (a lgae or
microplastics). 

When we compare th e efficien cy of single worm col-
le ct ion to the lar g er arena behavior, we find similar
patter ns wit h algae . We not e that un li ke a lgae , whic h
present a g re en color dete ct ion limit due to sma l l size
and low concen tra tio ns ini tiall y, microp la stics di splay
a co nsistent whi te colo r, resul ting in a pla tea uing value
of materia l col le cte d over t ime ( Fig. 3 , bottom left and
Supplementa ry Inf ormation Fig. 3 , bottom 2 pan e ls).
The dynamic interaction between worm and material
s h ows that algae and microplastics adhere to the worm’s
entire b o dy an d gath er at th e tail due to extern al mucu s
se cret ions ( Fig. 3 ). 
Dur ing t he microplastic exper iments, blackwor ms

did n ot consum e any of th e p art icles. How ev er, pro-
lon g ed exposure (hours) results in w orm s con sumin g
so me o f the p art icles th at are vi si ble inside th eir diges-
t ive t rac t ( Fig. 3 , bottom rig ht). Furth erm ore, th e in-
set image s h ows t hat t he blackwor m’s excr etion r esults
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Fig. 3 Single worm collecting microplastic materials. Five instances of a worm collecting 1 mg microplastics ( μP). The red dot denotes the 
worm’s head. The top panel shows a single worm collecting microplastics ( μP, polyethylene microspheres, diameter 68 ± 6 μm, and density 
1.35 g/cc) into one large clump. Microplastics passively adhere to a worm’s body due to externally secreted mucus. At t = 6 min, the worm 

passes through a clump on its tail, consolidating particles along its body (Supplementary Movie 2). The middle panel shows a single worm 

collecting finely dispersed algae. A small clump moves downward along the worm’s body as it moves around (Supplementary Movie 3). The 
bottom left panel depicts a graph showing the r elativ e material collected from μP (blue curve) and algae (orange curve) over 30 min. The 
r elativ e material collected is calculated by thresholding each r espectiv e color in ImageJ. Each curv e r epr esents the average, with the vertical 
line showing the standard error for n = 5 trials. The bottom right panel shows microplastics inside the digestive tract of a blackworm after 
several hours of exposure. The ingestion of microplastics can lead to enhanced clumping of particles, as shown in the inset where the 
excretion of the blackworm results in the formation of a cluster of microplastics. (Supplementary Movie 4). 
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n en hance d microplast ic cl ump in g, sugg estin g that the
n ternal m ucus se crete d by t he wor m’s b o dy m ay al so
lay a role in the agg regat io n o f these p art icles. 
We observe that indiv idu al wo rms exhib i t re lative ly

es s s tret c h ed-out m ovem ent wh en th e m aterial i s in a
el l-agg regate d f orm a roun d th eir b o dies ( Fig. 3 , top
an e l, algae snaps h ot at 15 min). To quantify the extent
 f the wo rm’s explo ratio n, we m easure th e lar g est dis-
ance ( r ee ) between the two furth est pixe ls on th e worm’s
 o dy. While th e re la tive ma t erial collect ed s h own in
ar g e arena ( Fig. 2 ) and sma l l arena ( Fig. 3 ) experi-
en ts quan tifies t he size of t he debr is c lust er, the low-
im ensional m etric r ee is a measure t o estimat e the ex-
ent and explo ratio n o f the worm itse lf. Th e evol u tio n
f the metric r to estimate the extent of the worm is
ee 
lotted for 30 min of dy namics ( Fig . 4 , top pan e ls). Th e
lack curve in the upper panel is the evol u tio n o f r ee fo r
he case of a worm without any algae present in the Petri
ish (cont rol), whi le the blue curve is t he s am e m etric
n the p resence o f a lgae. The vide os (se e Supplementary
nfo rmatio n Movies 2 and 3) show that the worm begins
o explore around in t he Petr i di sh. Thi s explo ratio n, in
ddi tio n to s tick y mucus around the b o dy, leads to the
l ump ing o f th ese algae aroun d th e w orm. It is observ ed
 hat t he wor m reduces its exploration af ter t his clump-
ng occ urs, w hich is evident in the re duce d r ee in the
ater s ta ges of the dyn amics. Ba sed o n p re vious obs er-
ations and literature ( Timm a nd Ma rtin 2015 ; Tuazon
t al. 2022 ), we hypot hesized t hat t he re duct ion in ex-
lo ratio n after cl ump ing occurs is due to t higmot axis, or
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Fig. 4 Estimating worm exploration. (Top) Timeseries of three 
differ ent w orm trials in tw o scenarios: (1) without an y debris 
(control, in black) and (2) in the presence of well-mixed algae 
(gather, in blue). (Bottom) Average value of r ee for the last 10-min 
window in the top panel, normalized with respect to their 
r espectiv e control values. 
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t he wor m’s natural ten den cy to m o ve to wards physical
co ntact wi th a surface , whic h in this case is the clumped
material o n i ts b o dy ( Pat i l et a l. 2023 ). The av erag e r ee
of the last 10 min of dynamics is plotted for the control
an d th e experim ents wi th deb ris ( Fig. 4 , lower pan e l).
This av erag e r ee value for the con trol experimen t is set
to unity for each t ria l fo r no rma lizat ion. We found that
the av erag e r ee reduces s ubs tant ia l ly (10–40% re duct ion,
n = 3) wh en th er e ar e algae pr esent in t he Petr i dish.
To summarize, our experiments w ith indiv idu al w orm s
s h ow that the uniformly spread p art icles in the Petri
dish begin to clump due to the worm’s motion coupled
wi th i ts s tick y mucus o n i ts ou ter l ayer. This c auses the
worm t o ext en d its s len der b o dy less a nd ma inta in con-
t act wit h t he col le cte d de bri s. In th e n ext se ct ion, we
explore the influence of the worm’s adhesive properties
on col le ct ing efficiency by ut i lizing an act i ve po l ymer
m ode l of the worm. 

Modeling collecting–gathering 

G iv en our observation s of w orm behavior in col le ct-
ing and agg regat ing p art icles, we develop a co mpu ta-
t iona l m ode l to un derstan d f urt h er h ow w orm s could
accompli sh thi s ta sk. We u se an active polym er m ode l
o f wo rm dynamics to s h ow that col le ct ing–gat her ing
behav ior c an emer g e from only se lf-prope l le d move-
m ent an d s h ort-ran g e att ract ion to p art icles ( Fig. 5 ).
Our m ode l is similar to th e m ode l descri bed in Nguyen
et al. (2021) : we r epr esent a worm as a se lf-prope l le d
acti ve po l ym er su bj e ct to sprin g, bendin g, an d m odi-
fied L ennard–Jones-typ e (or van der Waa ls) interact ion
potent ia ls. A detai le d descript ion of the model can be
foun d in th e Supplem enta ry Inf o rmatio n. We use many
of t he s a me pa ra met er s as in Nguyen et al. (2021) , exper-
imenta l ly mot ivate d from single blackworm behavioral
assays, which are tabu late d in Table 1 . As in Nguyen
et al. (2021) , the movement of t he wor m at e ach time
st ep is det er mined by t h e n et fo rce acting o n the wo rm,
pl us no ise, as quant ifie d by a temperature T . Here, the
tem pera ture T is set to 0.274 in m ode l uni ts, co rre-
sponding to 20 ◦C, following th e re lation in Nguyen et al.
(2021) . 
The worm is const raine d to move within a round

arena of a diameter 1.14 times the w orm’s len gth, re-
fle ct ing the pa ra met er s of the experiments described
in this p aper. Addit iona l ly, we simu l ate micropl astics
as N p = 100 “har d” (r epr esented by an excluded vol-
ume potent ia l) p art icles of size 0.25 πσ 2 randomly dis-
t ribute d wit hin t hi s aren a. The wor m exper ien ces s h ort-
ran g e att ract ion to a g iven p art ic le , m ode led using th e
same int eraction pot ent ia l that g ov ern s interaction s be-
tween m on om ers of a worm (see Supplementary In-
fo rmatio n fo r a m athem at ica l descript ion), and sca le d
by t he wor m-p art ic le int eract ion st rength ε wp . This
interac tion occ urs only when the worm is within a s h ort
distance (5 σ ) of a p art ic le . We set the val ue o f the inter-
act ion st rength ε wp = 2. This va lue is c hosen t o ensure
efficien t ga t her ing: too sma l l of an interact ion st rength
wou ld resu l t in the wo rm m ere ly p assing by p art icles
wi thou t col le ct ing th em, an d too lar g e of a va lue wou ld
restr ict t he wor m’s loco motio n. We also demo nstrate
th e in efficien cy of gath ering at low att ract ion, ε wp = 0.1,
and at hig h attrac tion, ε wp = 15 (see Supplementary In-
fo rmatio n Fig. 4 ). 
We c haract er ize t h e efficien cy of th e col le ct ing–

gat her ing behavior by quantifying the average p art i-
c le c lust er area as a function of time ( Fig. 6 ). To iden-
t ify p art ic le c lust er s, w e use the DBSCAN alg o ri thm
( Ester et al. 1996 ), im plemen ted in MATLAB, to define
a c lust er as any grou p o f five o r mo re p art icles sep a-
rated by no > 1 p art icle width. We then co mpu te the
convex hu l l of eac h c lust er and i ts co rrespo nding area,
also in MATLAB. Particles not identified as belon gin g
t o c lust er s from this algor it hm are assig ne d t o c lust er s
of size 1 p art icle area ( A p , see Table 1 ). We then de-
ter mine t he av erag e area ov er a l l c lust er s and isolat ed
p art icles. 
In experiments, we observe that worms secrete

a mucosal s ubs tan ce that n ot only allows particles
to adhere to the wo rm, bu t can also bind particles
together. To sim ula te this, we im plemen t an addi-
t iona l att ract ion betwe en p art icles, again fol lowing a
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(A)

(B)

Fig. 5 Active polymer worm model of collecting–gathering behavior. We simulate collecting–gathering behavior in an active polymer model 
of a worm (blue, with a red dot denoting the head) g o verned b y self-propelled tangential movement and short-range attraction to particles 
(green). (A) The worm gathers particles into clusters less efficiently in the model with ε pp = 0, i.e. with no attractive force between 
particles. (B) The worm gathers particles more efficiently in the model with an attractive force between particles with interaction strength 
ε pp = 1, where the attraction represents the worms’ mucosal secretions that bind particles together. (Supplementary Video 5). 

Table 1 Parameters used in the active polymer model of collecting–gathering behavior, in both model and r eal-w orld units 

Parameter Description Value(s) (model units) Value(s) (real units) 

N m Number of monomers 40 40 

σ Equilibrium distance between monomers 1.189 0.44 mm 

L w Equilibrium worm length 40 σ 17.6 mm 

�t Time step 1 0.08 s 

D Arena diameter 45.6 σ 20 mm 

ε Interaction strength between monomers 1 3.5 × 10 −12 J 

k s Spring constant 5000 0.12 N/m 

k b Bending stiffness 10 3.5 × 10 −11 J/rad 

F active Self-pr opulsion for ce magnitude 340 3.2 × 10 −6 N 

T Temperature 0.274 20 ◦C 

N p Number of particles 100 100 

A p Area of particle 0.25 πσ 2 0.15 mm 
2 

ε wp Interaction strength between worm and particle {0.1, 2, and 15} {0.35, 7, and 52} ×
10 −12 J 

ε pp Interaction strength between particles {0, 1} {0, 3.5} × 10 −12 J 

The conversion between reduced model units and real units is detailed in the Supplementary Information. 
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 ennard–Jones-typ e interaction p otent ia l (se e Supple-
enta ry Inf o rmatio n fo r details) wi th p art icle-p art icle
tt ract ion st rength ε pp = 1 ( Fig. 5 B an d Supplem en-
a ry Inf o rmatio n Movie 5). This p art icle-p art icle at-
 ract ion resu lts in sig nificant ly incre ased gat her ing
fficiency comp are d to th e m ode l with out p art icle-
 art icle att ract ion ( Fig. 6 ). These resu lts a re obta ined
or a worm-p art ic le int eract ion st rength ε wp = 2,
hich p rod uces o p t ima l ly efficien t ga t her ing. We ob-
erve significantly reduced efficiency for much lower or
igher values of ε wp (See Supplementary Info rmatio n
ig. 5 ). 

iscussions 

umerous benthic or ganism s in aquatic environments,
nc luding blac kwor ms, modify t heir sur roundings by
urrowing and fe e ding through a process ca l le d biotur-
 at ion ( Kristensen et al. 2012 ). By burrowing into sed-
m ent an d keeping th eir tails a bov e t he sur face , blac k-
 orm s in g est se diment from de eper lay ers and eg est it
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Fig. 6 Gathering efficiency in the active polymer model. The 
collecting–gathering efficiency of the active polymer worm is 
quantified by the average area of particle clusters as a function of 
time, normalized by the area of 1 particle, for the model without 
par ticle-par ticle attraction (pink) and with par ticle-par ticle 
attraction ε pp = 1 (blue). The worm-particle interaction strength is 
ε wp = 2. An average of over 20 simulations is shown for each case, 
with the shaded regions representing one standard deviation. 
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at t he sur face, making t hem an u pward co nv ey or. As a
b iodiffuso r, blackwo rms also alt er int erfacial sediment
t hrough t h eir m ovem ent. Th ese be hav iors c an lead to
t he for mation of significant m oun ds of sediment ( Roche
et al. 2016 ). Blackw orm s are known to exhib i t b ioturbat-
ing be haviors an d are cla ssified a s col le ct ing–gat her ing
det rit ivores b ase d on their fe e ding behavior. O ur re-
sults s h ow t hat t he blackwor ms’ col le ct ing–gat her ing
beh avior i s influenced by po p ul ation size, w ith doubling
the po p u lat ion resu lt ing in a re duct ion of time to reach
maxim um aggrega tion by a t lea st h alf. Thi s increa sed ef-
ficiency could be due to a greater number of indiv idu als
or better social an d ch emica l sig na lin g, as blackw orm s
may comm unica te throug h olfac tory c ues (see Supple-
menta ry Inf o rmatio n Fig. 1 ). 

B y observin g th e dynamics of in div idu al w orm s un-
der a microscope, we are able to gain insigh t in to how
blackw orm s aggregate orga nic a n d in orga nic pa rticles.
O ur resu l ts demo nstra te tha t w orm s are capable of ef-
fe ct i vel y co l le ct ing p art icles by using m ovem ent an d ex-
terna l ly se crete d mucus, achieving a single clump for
both orga nic a n d in organic m aterial s within roughly
10–15 min. We identify two distinct methods of ag-
g regat ion employe d by the w orm s. The first method,
ter med “t hre ading” ag gregation, invo l ves t he wor m
passing its anterior segments through the clump of ma-
terial on its tail. This process is clearly observed in the
microscope images and Supplementary Movie 2, show-
ing the pr ogr essive build u p o f materia l a lon g the w orm’s
b o dy. Th e secon d m eth od, kn own a s “peri sta lt ic” agg re-
gation, occurs as the w orm’s mov emen t ca u ses a sm a l l
cl ump o f mat erial t o mo ve do wnwards, brin gin g to-
gether any col le cte d p art ic les t owards the tail. This pro-
cess is evident in the microscope images and Supple-
mentary Movie 3. Im portan tly, we note that these ag-
g regat ion m eth ods are observed across different types
of m aterial s, in dicating th eir consi stent u s age by t he
w orm s. 
O ur observat ion s sugg est t hat t he blackwor ms’

col le ct ing–gat her ing beh avior i s not limit ed t o organic
matter, and we have also observed them excreting mi-
cr oplastics after pr olon g ed exposure. Although w e did
n ot observe th em active ly fe e ding on these p art icles, the
la tter observa tion im plies tha t w orm s con sumed mi-
cropla stics, which i s co rrobo rated by other li terature
t hat study t heir p hysio log ica l effe cts o n blackwo rms
( Beckingha m a n d Gh os h 2017 ; Sch erer et al. 2017 ; Klein
et al. 2021 ; Silva et al. 2021 ). 
In n ature, a s blackw orm s in g est settle d det ritus, they

cou ld a lso in g est inor ganic mater ial t hat resides in wa-
t erbeds, suc h as microplastics, whic h c an accumul ate
significan tly a t th e sedim en t-wa ter in terface of ben thic
zon es in fres hwat er ecosyst ems ( Krause et al. 2021 ).
Con sumin g microplastics h a s previou s ly been s h own to
caus e a s e v ere negativ e impact on their p hysio logy, such
as re duce d ener gy reserv es, act ivat io n o f a ntioxida nts
an d detoxification m ech ani sm s, and an ov era l l re duc-
tio n o f surviva l ( Klein et a l . 2021 ; S i lva et a l. 2021 ). Con-
sequent ly, t h e presen ce an d accum ula tio n o f microplas-
tics in freshwater ecosystems is of growing concern, as
th ese environm ents ar e micr oplastic r etentio n si tes that
ca n tra n sport them down stre am to oce a ns a n d oth er
b o dies of water ( Krause et al. 2021 ). The in g estio n o f mi-
croplastics by benthic macro inverteb rates also raises the
co ncern o f microplast ic t ra nsf er acr oss tr ophic levels.
Benthic m acroinverte bra tes are ea ten by benthivorous
fis h ( Winke lmann et al . 2007 ), whic h are consumed
by p iscivo res o r lar g er p redato rs ( Vander Zanden and
Vadeb onco eur 2002 ), which could lead to the b io mag-
nificatio n o f microplast ics a long th e fres hwater fo o d
cha in. Compa rati vel y, it h a s been s h own in marin e en-
vironmen ts tha t it is possible for the t rophic t ra nsf er of
microplastics to occur, as seen in the tra nsf er of mi-
cr oplastics fr om mussels to crabs ( Farrell an d Ne lson
2013 ). Thi s i s con cerning n ot only to th e h e alt h of ma-
rin e an d fres hwat er ecosyst ems, but t o th e h e alt h of hu-
m ans th at consume anim al s from these water sources,
a s micropla stics h ave be en re cent ly found in t he human
blo o dstream ( L eslie et al. 2022 ). Th ough th e h e alt h r isks
posed to humans by microplastics have not yet been de-
fin ed, it is hypoth esized th at a s mor e micr oplastics ar e
int roduce d into the environment and become increas-
ingly bio avai lable, hea lth risks to humans wi l l be come
a pparen t, a s they h ave in a wide ran g e of other species
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 Koelmans et al. 2022 ). The idea that blackw orm s can
ggrega te ma ter ials t hrough in g estion and ex cretion h a s
een previousl y exp lored for sludge re duct ion, where
lackw orm s hav e been s h own to in g es t was te s ludge an d
xcrete it as comp act fe ces, de creasin g its sludg e v olume
ndex by half ( Elissen et al. 2006 ). How ev er, t he ag gre-
ation v i a excretio n o f microplastics by blackw orm s h a s
ot been explored to our knowledge. 

imitations and future outlook 

ne limi tatio n i s th at we u se d a simplifie d experimen-
al setu p co mpared to the na tural environmen t of black-
 orm s. For in stance, w e conducted our experiments in
 static system, whereas blackw orm s in the wild may be
xposed to flowing currents o r p redato rs that could af-
 ect their f eeding a n d aggregation be havior. Addition-
 l ly, we use d a relat i vel y sma l l n umber of replica tes in
ur experiments, which could incre ase t he li keli ho o d of
a ndom va riation influencing our results. How ev er, w e
o und that o ur exper iment al system was ro bus t enough
 o generat e consist ent r esults acr oss experiments. Fu-
 ure st udies could use lar g er sa mple sizes a nd different
xper iment al co ndi tio ns to f urt her investigate the be-
avio r o f blackwo rms. Addi tio nally, co nsolidatio n o f al-
ae p art ic les was never reac hed in N = 10. Further stud-
es could vary particle concen tra tion and arena size to
lucidate if there is a crit ica l po p u lat ion ne e de d to con-
olidate p art icles b ase d on p art icle concent rat ion. 
An oth er limi tatio n o f our study i s th at we focu sed on

 nly o ne species o f wo rms, L. v ari e gat us , which may not
e r epr esen ta tiv e of other w o rm species o r other o rgan-
sms in genera l. Addit iona l l y, our stud y focu sed m ainly
n the physics and biology of th e m ech ani sms un der ly-
n g blackw o rm behavio r, rat her t han t he e colog ica l or
vol u tio nary im plica tio ns o f thi s beh avio r. Fu t ure st ud-
es cou ld invest igate h ow th e gath ering–col le ct ing be-
avio r o f blackwo rms a ffe cts their surviva l and r epr o-
 uctio n, a s well a s how thi s beh avior m ay h av e ev o l ved
ver time. 
Fina l ly, we acknowle dge that our att empt t o analyze

 he wor m’s exploration in the microscope studies was
imited by the significant blockage caused by the white
icroplast ic p art icles. Fut ure st udies cou ld use a lter-
ative m eth ods t o evaluat e explo ratio n behavio r, such
 s u sing a different type of pa rticle or color. Despite
 hese limit ations, our study prov ides valu a ble in sights
nto th e be havio r o f blackwo rms and opens up avenues
or f urt her rese arc h int o their dyn amics a s a col le ct ing–
at her in g or ganism ( Cummin s an d Klug 1979 ; Ilyas huk
999 ). 

onclusions 
e have invest igate d the col le ct ing–gat her ing behavior

 f blackwo rms using im age an alysi s and sim ula tions,
rovidin g new in sigh ts in to this FFG ph en om en on.
 ur resu lts s h ow t hat blackwor ms can efficient ly ag-
rega te and consolida te dist ribute d p art icles into lar g er
 lumps using ext erna l ly se crete d mucus on their b o d-
es an d m ovem ent. This be h avior i s influenced by pop-
 lat io n densi ty an d th e t ype of materi a l being col le cte d.
 ur ana lysis of the extended length of the worm sug-
 ests that w orm s reduce their movement after cl ump ing
nough mat erial , pot ent ia l ly due to t higmot axis. In ad-
i tio n, our sim ula tion s hav e validated the biophysical
ech ani sm s underlyin g the col le ct ing–gat her ing be-
avio r o f blackwo rms, demo nst rat ing that this behavior
an emer g e fro m self-p ropel le d movement and short-
an g e att ract ion to p art icles through se crete d mucus.
on sequently, w e also found evidence that blackw orm s
an col le ct an d consum e synth et ic materia l s such a s mi-
roplastics. 
Overa l l, our findings have im plica tio ns fo r the design

f synthetic systems inspired by th e be havior of black-
 orm s a nd f or understa nding the e colog ica l imp acts of
icroplast ics. O ur study provides new insigh ts in to the
ech ani sms behind col le ct ing–gat her ing behavior and

ts potent ia l applicat ion s in en g ine ering and environ-
 ental scien ce. 
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