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colonization-extinction ~ balances  across
heterogeneous freshwater habitats. Active
dispersal (e.g., chemotactic swimming
toward nutrient plumes) enables rapid
exploitation of local resource patches, while
passive mechanisms—including
hydrological  drift, ~ wind-borne  cyst
transport, and phoretic hitchhiking on
animal vectors (e.g., waterfowl gut
endozoochory or insect-mediated
ectozoochory)—facilitate long-distance gene
flow and regional biodiversity maintenance.
This dual dispersal capacity underpins
ecosystem resilience by allowing
recolonization after disturbances (e.g.,
droughts, pollution events), yet its
effectiveness is constrained by species-
specific traits like cyst durability and
motility thresholds.

3. Environmental Mediation
Environmental Filters & Dispersal Modification

Environmental attributes act as hierarchical filters that modify dispersal efficacy and success
(Logue & Lindstrém, 2010). Physicochemical barriers (e.g., salinity gradients or anoxic zones)
exclude non-tolerant species during transit (Shurin et al., 2009), while facilitators such as
hydrological connectivity (e.g., floodplain inundation) enable pulsed dispersal between isolated
habitats (Datry et al., 2016). Concurrently, selective filters—including pH-regulated excystment
triggers or temperature-dependent cyst viability—dictate post-dispersal establishment success
through species sorting (Lennon & Jones, 2011). These processes collectively shape
biogeographical patterns, generating nested assemblages in fragmented lakes versus turnover-
dominated communities in well-connected river networks (Heino et al., 2015), illustrating the
tension between the "Everything is everywhere" paradigm and dispersal limitation (Foissner,
2006).

: : Key Ecological
Filter Type Mechanism Parameters/Thresholds Outcome References
. . Exclude non- - . Selective .
Prococeniel | oirntspecis | NI | ocsion | SRS
during transit during dispersal '
Hydrological Enaple pulsed Floodplain inundation, O"erf'des Datry et al.
Facilitators dlspersal_ groundwater seepage habitat . (2016)
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Flow Velocity Constraints

Flow velocity imposes biomechanical constraints on ciliate dispersal through divergent effects on
active versus passive transport (Shimeta & Jumars, 1991). High flow rates (>0.5 m/s) enhance
passive drift of cysts and free-swimming cells via advective forces (Reynolds number >1,000),
enabling long-distance transport downstream (Patterson et al., 2016). However, turbulent shear (&
> 1072 W/kg) disrupts directed movement, suppressing active dispersal by overwhelming ciliary
propulsion (power output <1072 W/cell; Jiang & Paffenhofer, 2008). Conversely, stagnation
(velocity <0.01 m/s) promotes gravitational settling of cysts onto benthic substrates (Weisse,
2017), facilitating local retention and sediment seed bank formation. This velocity-mediated trade-
off generates a dispersal dichotomy: rheophilic species dominate high-flow habitats through drift-
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facilitated colonization (Lancaster & Downes, 2013), while low-velocity niches favor benthic-
pelagic coupling via resuspension during episodic flow pulses (Lindstrom et al., 2006).

Hydrological Connectivity Dynamics

Hydrological connectivity governs metacommunity dynamics by controlling spatial subsidies of
ciliate propagules (Leibold et al., 2004). Ephemeral connections (e.g., floodplain inundation,
groundwater seepage) create transient dispersal corridors that override habitat fragmentation
(Bohonak & Jenkins, 2003). During flood events (stage rise >1 m), hydraulic forcing exports cysts
from lentic refugia (e.g., oxbow lakes) into lotic channels, with dispersal distances scaling with
inundation duration (D = k-Q°>, where Q = discharge; Carrara et al., 2012). Isolated ponds
connected seasonally exhibit 3-5x higher ciliate richness than permanently disconnected systems
due to pulsed immigration (Zhao et al., 2019). Crucially, connectivity enables rescue effects:
drought-resistant cysts from connected wetlands replenish depauperate communities after
desiccation (Frisch et al.,, 2017), demonstrating how intermittent linkages sustain regional
biodiversity through space-for-time dispersal dynamics (Tonkin et al., 2018).

Key Mechanisms Illustrated:

Factor Physical Principle Biological Consequence
Flow Advection vs. turbulent dissipation Passive .d“ft domma’ges In turbulence;
. active dispersal confined to boundary
Velocity (Kolmogorov scale) layers
Hydrological Hydraulic continuity (Darcy's law Metacommunity coalescence during

for porous media; Manning equation
for channels)

Connectivity high-connectivity phases

Temperature Effects

Temperature modulates dispersal efficacy through Arrhenius kinetics: motility (e.g., ciliary beat
frequency) increases exponentially (Q1o =~ 2—3) up to thermal optima (20-25°C) (Prosser, 1973),
enhancing active swimming range, while cyst viability declines sharply beyond thresholds
(>35°C) due to protein denaturation (Muller & Nuske, 2017). Metabolic rates during transit scale
with temperature, with colder conditions (<5°C) inducing dormancy that prolongs airborne cyst
survival (Jenkins & Underwood, 1998).

Hypoxia & pH Barriers

Hypoxia (DO <2 mg/L) impedes mitochondrial ATP synthesis in dispersing trophozoites, causing
locomotory failure (Fenchel & Finlay, 1990), while extreme pH (<5.0 or >9.0) hydrolyzes cyst
walls by disrupting disulfide bonds (Gutiérrez et al., 2001). In vectors, anoxic conditions and pH
shifts (ApH >2) reduce cyst excystment viability >50% by inactivating metalloproteinases (Smith
etal., 2012).

Salinity Gradients

Salinity gradients >3 ppt inhibit dispersal through osmotic stress: freshwater ciliates experience
cytosolic ion imbalance in brackish zones, exhausting ATP reserves for osmoregulation (Weisse,
2014). Haloclines form biogeochemical barriers, with cyst lysis occurring within hours at
conductivities >500 puS/cm (Kinne, 1971).

Macrophyte & Sediment Effects

High macrophyte complexity (stem density >200/m2) reduces dispersal distance by 60—-80% via
hydrodynamic trapping (Okubo, 1980). Porosity (® >0.4) and grain size govern cyst dynamics:
fine sediments (D5, <50 pum) facilitate burial, while coarse sands enable resuspension during shear
stress (Lundkuvist et al., 2007).
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Predation Impacts

Zooplankton grazing imposes 70-90% mortality on dispersing ciliates (Jirgens & Matz, 2002).
Fish predation truncates dispersal kernels through trophic cascades (Brooks & Dodson, 1965).

Vector-Mediated Dispersal

Waterfowl endozoochory transports >10* cysts/gut content over 100+ km (Figuerola & Green,
2002). Insect ectozoochory enables shorter-range dispersal, though UV exposure reduces viability
(Caceres & Soluk, 2002).

EPS & Chemotaxis

EPS matrices immobilize ciliates via glycoprotein binding (Flemming & Wingender, 2010).
Chemotactic dispersal is governed by transmembrane receptor signaling (Van Houten, 1998).
Heavy metals (e.g., Cd?*) inhibit motility by binding sulfhydryl groups (Nilsson, 1989).

Aerial Dispersal

Desiccation-resistant cysts disperse via wind shear, with survival dictated by cuticular aquaporin
integrity (Jenkins et al., 2007). UV-B exposure reduces viability by 50% per 6 hours (H&der et al.,
1998).

Hydrological Vectors

Currents (v > 0.2 m/s) advect cysts with dimensionless Rouse numbers (R = v /ku*) <0.8,
enabling suspended transport. Flood pulses (Qqo > bankfull discharge) resuspend benthic cysts,
increasing dispersal flux 103-fold. Groundwater seepage (Darcy velocity >107¢ m/s) redistributes
propagules through hyporheic zones, while sediment loads >100 mg/L enhance sinking via
flocculation (Stokes' velocity vi1 o d?p).

Animal Vectors

Endozoochory: Waterfowl transport cysts in gut lumens (pH 2.5-7.5), with excystment triggered
by bile salts (e.g., taurocholate). Viability correlates with vector gut transit time (48-72 hrs).
Ectozoochory: Cyst adhesion to insect setae (contact angle 6 < 90°) enables dispersal at scales
matching vector mobility—migratory birds mediate 50-500 km transfers, insects <5 km. Vector
fidelity to aquatic corridors shapes genetic connectivity.

eDNA/Metabarcoding

Environmental DNA (eDNA) coupled with metabarcoding (e.g., 18S rRNA V4/V9 regions)
quantifies dispersal routes by detecting taxon-specific DNA signatures across hydrological
networks. This approach reveals source-sink dynamics—e.g., downstream accumulation
of Paramecium OTUs after flood events—and identifies dispersal barriers through B-diversity
discontinuities at conductivity gradients (>500 pS/cm). Statistical assignment methods (e.g.,
SourceTracker2) further resolve propagule origins with >80% accuracy, exposing wind- versus
vector-mediated pathways. Limitations include inability to distinguish viable cysts from
environmental DNA degradation (half-life: 2-48 hrs).

Fluorescent Labeling In Situ

Fluorescent probes (e.g., CFDA-SE) enable real-time tracking of short-distance active dispersal in
biofilms/sediments. Time-lapse microscopy quantifies motility vectors (speed: 50-200 um/s) and
chemotaxis efficiency (e.g., attraction to algal exudates A[PO,%7] >0.1 mM). Particle image
velocimetry (PIV) resolves hydrodynamic interactions, showing turbulent eddies (¢ > 1072 W/Kg)
reduce dispersal by 70% in macrophyte beds. This technique captures microhabitat-scale
responses to stressors—e.g., cadmium (Cd?* >5 pg/L) immediately arrests ciliary motion via
dynein ATPase inhibition.
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Relative Dispersal Contributions

The relative contributions of active (chemotaxis-driven) versus passive (hydrologic or vector-
mediated) dispersal mechanisms remain quantitatively unresolved across environmental gradients.
Critical knowledge gaps persist regarding whether rheophilic ciliates in high-flow systems (>0.5
m/s) depend predominantly on passive drift despite suppressed active motility (Lancaster &
Downes 2013), and how desiccation-tolerant cysts (e.g., Colpoda spp.) disproportionately utilize
aerial pathways in arid catchments (Jenkins et al. 2007). Resolving these questions demands
integrated approaches combining field methods (e.g., in situ drift traps coupled with motility
assays) with individual-based models scaling from um-level biomechanics to km-scale hydrology.
Further obscuring predictions are unconstrained trait-mediated dispersal thresholds: interspecific
variation in cyst chitin-mucilage wall thickness (0.5-5 um) governs UV-B resilience (LESso: 2-10
kJ/m?; Hader et al. 1998), while differential expression of osmoregulatory transporters (e.g.,
Na*/H* antiporters) dictates salinity barrier-crossing success (Weisse 2014). Developing trait
databases linked to environmental RNA (eRNA) signatures could enable forecasting dispersal
limitation under global change scenarios. Crucially, synergistic stressors induce non-linear
dispersal collapse—warming (AT > 4°C) exacerbates Cd?* inhibition of cyst excystment by
denaturing metallothionein chaperones (Nilsson 1989; Miller & Nuske 2017), while drought-
concentrated nitrogen (TN > 2 mg/L) during rehydration causes lethal osmotic shock in
Tetrahymena cysts (Gutiérrez et al. 2001). Similarly, hydropower-induced thermal stratification
interacts with habitat fragmentation to block dispersal corridors for cold-adapted taxa
(e.g., Loxodes; Smith et al. 2012). Mechanistic models must incorporate these feedbacks to project
biogeographic shifts and inform conservation strategies in fragmented aquatic networks.

Dispersal Mechanisms and Research Gaps in Ciliate Ecology

Key
Aspect Findings/Knowledge Thresholds/Parame | Taxa/Example | Referenc
ters S es
Gaps
Unquantified Lancaster
Active vs. contributions across Flow >0.5 m/s Rheophilic &
Passive gradients; rheophiles in suppresses active =0p
. . . ciliates Downes
Dispersal high-flow systems rely motility
! ¢ (2013)
more on passive drift
Aerial Desiccation-tolerant .
. ) Jenkins et
Dispersal cysts favor wind - Colpoda spp.
: L . al. (2007)
Bias transport in arid regions
Cyst wall
thickness governs UV- Héder et
Trait- B ) . al.
Mediated resilience; Osmoregula L\I/EVSa”-' %El_g ItlJI;lmZ General ciliates | (1998);
Barriers tory >0- Weisse
transporters dictate (2014)
salinity-crossing success
Warming x Metals: ’(\Illésgg%n
Synergistic Denatures AT >4°C + Cd** ) :
S General cysts | Miller &
Stressors metallothioneins, exposure Niiske
inhibiting excystment (2017)
Drought x . .
Eutrophication: N> 2_mg/|__ during Tetrahymena cy Gutierrez
. : desiccation- et al.
Osmotic shock during . sts
. rehydration (2001)
rehydration
Hydropower x Thermal stratification | Loxodes spp. Smith et
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Fragmentation: Blocks | + habitat isolation al. (2012)
cold-adapted species
dispersal

Methodologi | experiments (drift traps

Integrated field Scaling: pm

(biomechanics) to - —

cal Needs + motility assays) + km (hydrology)

individual-based models

Conservation | incorporating stressor | Focus on fragmented | Cold-adapted

Mechanistic models

Priorities feedbacks to predict aquatic networks taxa
biogeographic shifts
Innovative Trait databases linked to
Tools eRNA for forecasting Under glo
dispersal limitation
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