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Monitoring:

ÅòThe repeated collection and analysis of observations and measurements to evaluate 

changes in populations of species and environmental conditionsó (Dallmeier et al. 2013)

ÅDemographic data collected over repeated events and extended time-scales

ÅWithin-year repeated surveys

ÅMulti-year repeated surveys

Temporal scale for òLTMó canbe relative to:

ÅStudy objectives and goals

ÅBiology of the species biology (life-span,                                                              

generation time)

LONG-TERM MONITORING (LTM) OF MUSSEL POPULATIONS

Dallmeier et al. 2013. Framework for assessment and monitoring of biodiversity. Encyclopedia of 

Biodiversity (Second Edition).Academic Press:545-559



Importance of collecting demographic data over repeated and long time-scales:

Population Dynamics

ÅEstimating key demographic parameters and vital rates to understand species-specific 

population dynamics (over temporal- and spatial-scales)

ÅAssessing population trends over time; evaluating effects of changing environmental 

conditions and anthropogenic disturbances

LONG-TERM MONITORING (LTM) OF MUSSEL POPULATIONS

Carey et al. unpublished data ( in prep.); Jones et al. 2012



Importance of collecting demographic data over repeated and long time-scales:

Population Dynamics

ÅEstimating key demographic parameters and vital rates to understand species-specific 

population dynamics (over temporal- and spatial-scales)

ÅAssessing population trends over time; evaluating effects of changing environmental 

conditions and anthropogenic disturbances

Species Recovery Documents

ÅDefining objective, measurable recovery criteria and delisting thresholds for T&E recovery 

plans 

ÅInforming Species Status Assessments (SSAs), 5-year Reviews, SWAPs, recovery efforts
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Importance of collecting demographic data over repeated and long time-scales:

Population Dynamics

ÅEstimating key demographic parameters and vital rates to understand species-specific 

population dynamics (over temporal- and spatial-scales)

ÅAssessing population trends over time; evaluating effects of changing environmental 

conditions and anthropogenic disturbances

Species Recovery Documents

ÅDefining objective, measurable recovery criteria and delisting thresholds for T&E recovery 

plans 

ÅInforming Species Status Assessments (SSAs), 5-year Reviews, SWAPs, recovery efforts

Evaluations

ÅEvaluating effectiveness of recovery efforts (e.g., captive propagation, reintroductions, 

augmentations) and providing feedback to improve future efforts 

ÅEvaluating population performance (viability) & species recovery

LONG-TERM MONITORING (LTM) OF MUSSEL POPULATIONS



LONG-TERM MONITORING (LTM) OF MUSSEL POPULATIONS

LTM Datasets & Sampling Designs:

ÅQuantitative

ÅQuadrat surveys (simple/systematic/stratified random sampling; adaptive cluster 

sampling)

ÅCapture-mark-recapture (unique markings, tags; PIT tags)

ÅSemi-quantitative

ÅTimed-searches (within defined sampling units)

ÅQualitative

ÅInformal timed-searches over substrate surface or banks (sampling unit not defined)



LTM Demographic Data Fromé 

Semi-quantitative & Qualitative Data: Å Examine temporal changes in species 

presence across drainage or CPUE over 

time within a site

Å Detect mass -mortality events and 

intra -annual trends in mortality

Å Complements quantitative surveys to 

obtain complete species list at a site

Å Identify areas to allocate more-intensive 

quantitative sampling efforts

Å Inform *presence-only SDMs, JSDMs, habitat 

suitability models (*probabilistic semi-quantitative survey could be 

designed for use in presence-absence modelling approaches)

CPUE

Surface density

Species list

LONG-TERM MONITORING (LTM) OF MUSSEL POPULATIONS

Some limitations:
Å Probability of detecting individuals or species at the substrate surface is a function of its availability for detection and its detectability 

by a surveyor

Å Detection is influenced byé.survey conditions, surveyor experience, habitat type, shell size + aperture characteristics, life-

histories and reproductive behaviors, etc.  

Å Non -detections Í true absence
Å CPUE rates generally are not comparable across sites 



LTM Demographic Data Fromé

Quantitative data: Å Establish species- and site -level 

baseline conditions

Å Species-specific population dynamics

Å Distinguish/quantify natural from 

disturbance-caused population fluctuations

Å Assess temporal (+spatial) variability

Å Detect population trends, direction + 

magnitude of change

Å Estimate detection rates

Å Conduct time-series or demographic 

explicit PVAs

Å SDMs + JSDMs, habitat suitability models

Population sizes/densities

Population growth (ʇ)

Age(size)-class structures

Survival + mortality rates 

Recruitment

Diversity

LONG-TERM MONITORING (LTM) OF MUSSEL POPULATIONS



Clinch & Powell Rivers

ÅUpper Tennessee River Basin; 

upstream of Norris Reservoir

ÅHighlydiversemusselassemblage

ÅHistorically supported 55 species (24 

FE; 3 extinct; 6 extirpated; 7 UR)

ÅCurrently ~46 extant

CASE STUDY: 
LONG-TERM MONITORING IN THE 

CLINCH AND POWELL RIVERS,
VIRGINIA & TENNESSEE

Ahlstedt et al. 2016



Historical Surveys in the 

Powell River 

Qualitative Monitoring:

Å1800õs ðearly 1900õs (Adams, Goodrich, Ortmann, 

Walker [Ortmann 1918])

Å1970õs ðpresent (Ahlstedt & Brown 1979; Neves 

et al. 1980; Dennis 1981;  Jenkinson & Ahlstedt 

1988;  Wolcott & Neves 1994;  Virginia Tech, 

VDWR, Daguna grey literature/unpub data)

Quantitative Monitoring:

Å 1979 ð2004 on a semi -regular basis 

(Ahlstedt 1986, 1991;  Wolcott & Neves 1994; 

Ahlstedt et al. 2016)

Å1970õs ðpresent at non -regular intervals 

(Dennis 1981; Johnson et al. 2012; Virginia Tech, 

VDWR, grey literature/unpub data)

C ASE  ST U DY: 
C L INC H &  POWE LL  R IV ER LT M

Ahlstedt. 1991. Walkerana 5:123-160.

Johnson et al. 2012. Freshwater Mollusk Conservation Society 15:83-98.



C ASE  ST U DY: 
C L INC H &  POWE LL  R IV ER LT M

Historical Surveys in the 

Clinch River 

Qualitative Monitoring:

Å1800õs ðearly 1900õs (Adams, Goodrich, Ortmann, Walker 

[Ortmann 1918])

Å1970õs ðpresent (Stansbery 1973; Neves et al. 1980; Bates & 

Dennis 1978;  Dennis 1989; Ahlstedt 1991; Virginia Tech, VDWR, Daguna 

grey literature/unpub. data

Quantitative Monitoring (>140 sites)

Å 1979ð2004 on a semi-regular basis (Ahlstedt 1986, 1991;  

Ahlstedt et al. 2016)

Å 1979ðpresent at non-regular intervals (Ahlstedt 1986, 

1991, 2005;  Ahlstedt & Tuberville 1997; Ahlstedt et al. 2016; Jones et al. 

2014, 2018;  Virginia Tech, VDWR, Daguna grey literature/unpub data)

Annual Quantitative Monitoring: 

Å 2004 ð2014 & 2017 ðpresent across 3 sites (Jones 

et al. 2014, 2018; Carey & Ostby 2018 ð2021 annual reports; Virginia 

Tech/Daguna grey literature/unpub data)

Å 2004 & 2016 ðpresent at 1 additional site (Jones et al. 

2014, 2018; Phipps & Hyde 2017; Carey & Ostby 2018 ð2021 annual 

reports; Virginia Tech/Daguna grey literature/unpub data)



Qualitative Survey Methods, Data, +Inferences

Å Timed-searches

Å Focused in suitable habitat 

ÅSnorkeling, viewscopes, tactile/visual, SCUBA, 

muskrat middens, hand-raking

ÅSpecies lists

C ASE  ST U DY: 
C L INC H &  POWE LL  R IV ER LT M

Ortmann (1918); Dennis (1989); Wolcott & Neves (1994)



Qualitative Survey Data & Inferences

ÅSpecies lists

ÅSpatial variation in species distributions 

C ASE  ST U DY: 
C L INC H &  POWE LL  R IV ER LT M

Ahlstedt (1991a); Johnson et al. (2012); Bates & Dennis (1978); Dennis (1981)



Qualitative Survey Data & Inferences:

ÅSpecies lists

ÅSpatial variation in species distributions 

ÅSpatio-temporal variation in observed species 

richness (within drainage)

C ASE  ST U DY: 
C L INC H &  POWE LL  R IV ER LT M

Ahlstedt (1991a); Wolcott & Neves (1994)



(Non-annual) Quantitative Surveys & 

Methods:

Semi-regular intervals 1979 ð2004 

Å 10 Clinch & Powell river sites monitored on 4 - 6 

sampling occasions over a 26-year period at 3 - 5 

year intervals 

Å Simple random sampling with 0.25-m2 quadrat 

units

Non -regular intervals 1970õs ðpresent

Å >140 Clinch River and >75 Powell River sites

Å Simple random sampling with varying sized (0.25 ð

1.0-m2) quadrat units

ÅSystematic random sampling (Ó3 random starts) 

with 0.25-m2 quadrat units

Å # monitoring events per site variable (1 ð6 years 

of data)  

Other: 

Å Capture-mark-recapture (CMR) studies with 

Hallprint shellfish and PIT tags

C ASE  ST U DY: 
C L INC H &  POWE LL  R IV ER LT M



(Non-annual) Quantitative Survey Data & Inferences:

ÅPopulation size/density

Å Temporal and spatial trends in diversity and 

speciesõ densities over time

C ASE  ST U DY: 
C L INC H &  POWE LL  R IV ER LT M

Ahlstedt et al. 2016



(Non-annual) Quantitative Survey Data & Inferences:

ÅPopulation size/density

Å Temporal and spatial trends in diversity and 

speciesõ densities over time

ÅSnapshots of age-class distributions

ÅSurvival, mortality, and detection rates from CMR 

datasets

Epioblasma capsaeformis 

C ASE  ST U DY: 
C L INC H &  POWE LL  R IV ER LT M

Dennis (1989); Carey et al. (2019 )



(Non-annual) Quantitative Survey Data & Inferences:

ÅPopulation size/density

Å Temporal and spatial trends in diversity and 

speciesõ densities over time

ÅSnapshots of age-class distributions

ÅSurvival, mortality, and detection rates from CMR 

datasets

C ASE  ST U DY: 
C L INC H &  POWE LL  R IV ER LT M

Healthy populations

Moderate

Dead-zone

Jones et al. 2014, 2018

Establishing species- and site-

level baseline conditions

Ahlstedt et al. 2016



(Annual) Quantitative Surveys & Methods:

Å 2004 ð2014 (11 years) & 2017 ðpresent (5+ years) 

Å3 ôhealthyõ lower Clinch River (TN) population sites

C ASE  ST U DY: 
C L INC H &  POWE LL R IV ER LT M

Healthy populations

Moderate

Dead-zone

Jones et al. 2014, 2018



(Annual) Quantitative Surveys & Methods:

Å 2004 ð2014 (11 years) & 2017 ðpresent (5+ years) 

Å3 ôhealthyõ lower Clinch River (TN) population sites

Å Wallen Bend (27 spp.) ~5,000 m2

Å Frost Ford (30 spp.) ~15,000 m2

Å Swan Island (32 spp.) ~6,000 m2

ÅSystematic random sampling (0.25-m2 quadrat units)

Å 60 ð80 quadrats (2004 ð2014)

Å 120 ð160 quadrats (2017 ðpresent)

ÅQuadrat data: 

Å Species ID, length, sex 

Å ~Sampling unit location within study site

ÅKyles Ford (2004; 2016 ðpresent)

C ASE  ST U DY: 
C L INC H &  POWE LL R IV ER LT M

Healthy populations



(Annual) Quantitative Survey Data & Population Demographics

C ASE  ST U DY: 
C L INC H &  POWE LL R IV ER LT M

ÅSimilar to qualitative & non-annual quantitative 

LTM...

Å Species lists; diversity (richness, evenness)*

Å Age-class structures*

Å Population size + density*

Å *Snapshots; 3-15+ year intervals between surveys

Jones et al. 2014; Dennis 1989



(Annual) Quantitative Survey Data & Population Demographics
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ÅSimilar to qualitative & non-annual quantitative 

LTM...

Å Species lists; diversity (richness, evenness)*

Å Age-class structures*

Å Population size + density*

Å *Snapshots; 3-15+ year intervals between surveys

Å + more robust estimates of population 

demographics with improved precision**

Å Population size + density

Jones et al. 2012; Lane et al. 2021; Carey & Ostby 2018 -2021 unpub data
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Lane et al. 2021
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(Annual) Quantitative Survey Data & Population Demographics

C ASE  ST U DY: 
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ÅSimilar to qualitative & non-annual quantitative 

LTM...

Å Species lists; diversity (richness, evenness)*

Å Age-class structures*

Å Population size + density*

Å *Snapshots; 3-15+ year intervals between surveys

Å + more robust estimates of population 

demographics with improved precision**

Å Population size + density

Å Age-class structures/matrices; sex ratios 

Å Survival, mortality, recruitment rates

Å Population growth (ʇ)

**Only 4 ð8 species occur at densities 

(Ó0.3 m-2) adequate to obtain estimates 

with desired precision (CV Ò 0.20)
Å Pheasantshell (Actinonaias pectorosa)

Å Oyster mussel (Epioblasma capsaeformis)

Å Cumberland moccasinshell (Medionidus 

conradicus) 

Å Fluted kidneyshell (Ptychobranchus subtentus)

Å Mucket (Actinonaias ligamentina)

Å Spike (Eurynia dilatata)

Å Kidneyshell (Ptychobranchus fasciolaris)

Å Cumberland combshell (Epioblasma brevidens)



(Annual) Quantitative Survey Data & Population Demographics

C ASE  ST U DY: 
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ÅSimilar to qualitative & non-annual quantitative 

LTM...

Å Species lists; diversity (richness, evenness)*

Å Age-class structures*

Å Population size + density*

Å *Snapshots; 3-15+ year intervals between surveys

Å + more robust estimates of population 

demographics with improved precision**

Å Population size + density

Å Age-class structures/matrices; sex ratios 

Å Survival, mortality, recruitment rates

Å Population growth (ʇ)

**Only 4 ð8 species occur at densities 

(Ó0.3 m-2) adequate to obtain estimates 

with desired precision (CV Ò 0.20)

ÅPheasantshell ( Actinonaias 

pectorosa)

ÅOyster mussel ( Epioblasma 

capsaeformis)



Oyster mussel (Epioblasma capsaeformis)

Å Federally endangered

Å 28 mm (max ~55 mm)

Å 9 ð12 years old

Å Sexually dimorphic; long-term brooder

Å 1 ð59% total site composition (2004 ð2014) 

C ASE  ST U DY: 
C L INC H R IV ER LT M ð
OYST ER MU SSE L

34%
17%

7%



Clinch Annual Quantitative LTM 
(2004 ð2008)

Shell material

Shell thin-
sectioning

Length @ age data 
(ǀ+ ǁ)

Length + sex data 
(quadrats)

Population 
size/density; 

growth

Carell et al. 1987. Ambio 16:2-10.

C ASE  ST U DY: 
CLINCH R IVER LTM ð
OYST ER MU SSE L 
AGE - CLAS S 
S TRUCTURE

Jones et al. 2011. Influence of life -history variation on demographic responses of three 

freshwater mussel species (Bivalvia: Unionidae) in the Clinch River, USA. Aquatic 

Conservation: Marine and Freshwater Ecosystems 21:57 -73.



Clinch Annual Quantitative 
LTM (2004 ð2008)

Shell material

Shell thin-
sectioning

Length @ age 
data (ǀ+ ǁ)

Back calculate 
0-3 yr-olds

Von Bertalanffy growth curves 
(predicted length @ age)

Length + sex 
data (quadrats)

Population 
size/density; 

growth

Age-class 
structure
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Jones et al. 2011. Influence of life -history variation on demographic responses of three 

freshwater mussel species (Bivalvia: Unionidae) in the Clinch River, USA. Aquatic 

Conservation: Marine and Freshwater Ecosystems 21:57 -73.
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Jones et al. 2011. Influence of life -history variation on demographic responses of three 

freshwater mussel species (Bivalvia: Unionidae) in the Clinch River, USA. Aquatic 

Conservation: Marine and Freshwater Ecosystems 21:57 -73.



Clinch Annual Quantitative 
LTM (2004 ð2008)

Shell material
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Jones et al. 2011. Influence of life -history variation on demographic responses of three 

freshwater mussel species (Bivalvia: Unionidae) in the Clinch River, USA. Aquatic 

Conservation: Marine and Freshwater Ecosystems 21:57 -73.



Oyster mussel (Epioblasma capsaeformis)

Å How environmental conditions influence demographic 

vital rates

Å Hasundergoneboom and bust cycles, reaching densities 

as high as 40 individuals per m2

Å Low-flow conditions may contribute to high and variable 

recruitment rates in following years

C ASE  ST U DY: 
C L INC H R IV ER LT M ð
OYST ER MU SSE L



Oyster Mussel Demography & PVA

Demographic Analyses Population Viability Analyses

1. Max. Age or Longevity

4. Age structure

5. Density

6. Abundance

7. Population Growth Rate

8. Spatial Distribution

2. Mean age at death

3. Age at Maturity

1. Survival matrix of age classes

2. Fecundity or recruitment

3. Population growth rate (ɚ)

4. Population ceiling (K)

6. Modeling scenarios/outputs:

ǒProbability of extinction

ǒRestoration/augmentation

ǒDeclining population

ǒParameter sensitivity 

5. Time horizon

C ASE  ST U DY: 
C L INC H R IV ER LT M ð
OYST ER MU SSE L



Population Viability Analysis (PVA)

Lower Clinch River, TN

Leslie Matrix (Age-structured Models)
Å Survival and fecundity rates

Å Stable Age Distribution (SAD)

Å Population growth (ɚ)

Population Trajectory
Å Model population growth over time

Å Simulate reintroduction scenarios

C ASE  ST U DY: 
C L INC H R IV ER LT M ð
OYST ER MU SSE L

Jones et al. 2012



C ASE  ST U DY: 
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Jones et al. 2012. Population performance criteria to evaluate reintroduction and recovery of two endangered mussel species, 

Epioblasma brevidens and Epioblasma capsaeformis (Bivalvia, Unionidae). Walkerana 15:24 -44. 



Leslie Matrix ïOyster Mussel
C ASE  ST U DY: 
C L INC H R IV ER LT M ð
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Age 1 Age 2 Age 3 Age 4 Age 5 Age 6 Age 7 Age 8 Age 9 Age 10Age 0

Recruitment (R)

R1 R2 R3 R4 R5 R6

Survival (S)

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10

Immature Ages (0-4 y) Mature Ages (5-10 y)
Jones et al. 2012. 

Age Class­ 1 2 3 4 5 6* 7* 8* 9* 10* 11*

Age Class® ®Age­ 0 1 2 3 4 5 6 7 8 9 10

1 0 1.17 1.17 1.17 1.17 1.17 1.17

2 1 0.30

3 2 0.95

4 3 0.95

5 4 0.95

6* 5 0.95

7* 6 0.85

8* 7 0.8

9* 8 0.75

10* 8 0.70

11* 9 0.65

*Mature Age Classes

Å Transitional survival 

probabilities along 

the sub-diagonal
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Å 30% survival rate 

from Age 0 to Age 1
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Å Transitional survival 

probabilities along 

the sub-diagonal

Å 30% survival rate 

from Age 0 to Age 1

Å Fecundity of 

reproductively 

mature age classes
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Population at 

time t

N0(t)

N1(t)

N2(t)

N3(t)

N4(t)

N5(t)

N6(t)

N7(t)

N8(t)

N9(t)

N10(t)

Population at 

time t+1

N0(t+1)

N1(t+1)

N2(t+1)

N3(t+1)

N4(t+1)

N5(t+1)

N6(t+1)

N7(t+1)

N8(t+1)

N9(t+1)

N10(t+1)

X =

Population growth (from 2010 to 2011) = 

‗
ὔὸ ρ

ὔὸ

ὸέὸὥὰὴέὴίὭᾀὩςπρρ

ὸέὸὥὰὴέὴίὭᾀὩςπρπ

2010 2011

ὔ ὸ ὔ ςπρπ# of Age 6 individuals in 
the population in 2010 



C ASE  ST U DY: 
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LTM data from the lower Clinch River used to 

estimate survival, recruitment, and population 

growth rates---parameters thatinform (and can 

improve) reintroduction/augmentation efforts in 

Upper Clinch River

Upper Clinch River 

ðRestoration Sites

Simulating reintroduction scenarios in RAMAS Metapop using 

Leslie-matrix transition probabilities

Lower Clinch River ð

LTM Sites


