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Abstract

Texas hornshell (Popenaias popeii) is a federally endangered mussel occurring in Texas,
New Mexico, and Mexico. We examined temperature effects on energetic costs of feeding, and
on scope for growth: the net energy balance available for reproduction and growth. Mussels were
acclimated to experimental temperatures for > 2 week and then subjected to energetic assays (i.e.
respiration rate, clearance rate, and assimilation efficiency). Energetic costs of feeding and
digestion were greatest at lowest (16°C) and highest (32°C) temperatures tested, but negligible at
intermediate temperatures (20°C). Scope for growth peaked at 28°C and rapidly fell as
temperatures increased from 28 to 32°C. Riverine temperature profiles suggest that the primary
growing season is in early summer and early fall, with declining surplus energy in mid-summer.
Flow regulations to help minimize unfavorable temperatures during mid-summer may be critical

for the long-term survival of this species.
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Chapter 1: Effects of Temperature on Specific Dynamic Action of the Last Remaining
Mussel in New Mexico - Popenaias popeii

INTRODUCTION

Texas hornshell (THS; Popenaias popeii) are a federally listed endangered freshwater
mussel with a scattered range in the Rio Grande River drainage basin in Texas and New Mexico
(US Fish and Wildlife Service; USFWS, 2018). On February 9, 2018, the USFWS officially
listed P. popeii as endangered under the Endangered Species Act (ESA) of 1973. A driving
factor behind the listing status of this mussel was a dramatic decrease in range continuity. Texas
hornshell was historically found throughout the Rio Grande River drainage basin, with its
southernmost range in the main river near the Gulf of Mexico, and its northernmost range in the
Black River in southwest New Mexico (Karatayev et al., 2018). Currently, it is estimated to exist
in only 21% of its presumed range, with one river population being near extirpation (Randklev et
al., 2018). Threats to THS include decreased water flow caused by increased agriculture pressure
and prolonged droughts, increased salinity, and increasing temperatures, along with habitat

degradation and agricultural runoff pollutants (Rangaswami et al., 2023a).

Knowledge of environmental tolerances of this species will greatly aid the development
and refinement of conservation strategies. Previous studies have examined thermal tolerances of
THS glochidia, juveniles, and presumed fish hosts (Rangaswami et al., 2023a,b), but there has

been little to no research examining effects of thermal stress on adult THS.

Energy budgets of ectotherms are strongly affected by temperature. Standard metabolic
rate (energy required for basic maintenance of an organism) typically increases with temperature
(Allan et al. 2006; Ganser et al. 2015). Energy requirements can be met using a combination of

internal energy stores (i.e. glycogen; Mathieu and Lubet, 1993; Isani et al., 1995) and external



energy resources (i.e. food). However, feeding activities themselves incur energetic costs as does
digestion of the acquired meal. Energetic costs associated with digestion, absorption, and
assimilation of a meal are typically referred to as specific dynamic action (SDA; Jobling 1985;
Secor, 2009). Our definition of SDA in the context of this study also includes energetic costs
associated with filtration and ingestion of feed. Given that mussels are sessile animals, activity
associated with locating and capturing food items is minimal relative to more motile taxa such as

fish.

The metabolic costs of feeding have been well documented ever since it was first
published in 1789 by Séguin and Lavoisier (Lavoisier and Séguin, 1789). Specific dynamic
action may incur substantial metabolic costs for aquatic ectotherms and offset a significant
proportion of energy available from ingested food. This phenomenon has been studied in fish for
decades (Tander and Beamish, 1979; Jobling and Davies, 1980; Eliason et al., 2007), revealing
that SDA may reach twice the resting metabolic rate (Aslop and Wood, 1997; Jourdan-Pineau et
al., 2010). Similar to fish, SDA may double the metabolic rate in marine bivalves such as Perna
canaliculus (Lurman et al., 2016) and Mytilus edulis (Thompson and Bayne, 1972). The
mechanical costs of feeding have been estimated as representing 18-24% of energy available
from ingested food while digestion and assimilation may amount to an additional 6-8% (Bayne
and Scullard, 1977; Bayne et al. 1976). Specific dynamic action can be affected by
environmental factors such as temperature (Segler et al 2023; Tirsgaard et al 2015). Filtration

rates of bivalves are also particularly sensitive to changes in temperature (Bayne et al. 1976).

The ecological significance of SDA in energy budgets of animals is not well understood
and has been identified as an area in particular need of additional research (McCue 2006). In the

natural environment, organisms may experience thermal stress on a variety of temporal scales



ranging from daily, to seasonal. They may also experience increasing thermal stress across
multiple years due to climate change. With the habitat of THS being in the deserts of New
Mexico and Texas, the likelihood of their experiencing increased thermal stress due to decreased

water flow and increased droughts is significant.

The specific objective of this study was to address the following questions concerning
Texas hornshell mussels: (1) how does the relationship between respiration rate and temperature
differ between fasted and actively feeding mussels? (2) how do absolute (i.e. feeding — fasted
respiration rates) and proportional (i.e. feeding/fasted respiration rate) costs of SDA change with
temperature and (3) under a natural, seasonal thermal regime, when is SDA likely to incur the

greatest costs for Texas hornshell mussels.

METHODS

Collection and laboratory acclimation

Fifty THS mussels were collected in early October of 2021 from the Black River in
Carlsbad, New Mexico under federal collection permit # TE78507C-0. Only 30 of the 50
mussels collected are discussed in this study, the other 20 THS were collected to be used in
additional experiments and to account for potential mortalities. On Day 1, we conducted a
qualitative search by hand for THS in multiple pools of the Black River and flagged the
approximate locations of detected mussels. On Day 2, we collected animals from the three pools
that had the highest detection of mussels. Less than 50% of detected mussels were collected from
any given pool, for a combined total of 50 mussels across the three pools. Dissolved oxygen

(DO), salinity, pH, and temperature were measured in situ from each pool. Hardness, alkalinity,



total ammonia nitrogen, and nitrites were measured from 250 mL water samples collected from

all three pools and shipped overnight to Auburn, AL.

Mussels and water samples were sandwiched between moist, cotton towels (detergent and
softener free) in three hard-sided coolers (< 20 mussels/cooler) with 1-2 small ice-packs in each
cooler to keep them from overheating while shipping overnight from Carlsbad, NM to the
Crustacean and Molluscan Ecology Lab (CAMEL) lab in Auburn, AL. Upon arrival in Auburn,
AL, the mussels were measured and weighed and then placed in prepared upwellers containing
5-salt hard AFW (artificial freshwater; Smith et al 1997) to approximate water quality at the
collection site. The recipe was as follows: 151 L RO/DI water, 29.07 g sodium bicarbonate,
15.14 g calcium sulfate, 15.14 g calcium chloride, 9.09 g magnesium sulfate, and 1.21 ¢

potassium chloride.

Upwellers were filled with hard AFW and circulated for > 2 weeks prior to the arrival of
collected mussels in order to allow for establishment of an active biofilter. Upwellers consisted
of an outer insulated container (116 L capacity), within which sat a smaller container (63 cm x
40 cm x 35 cm) with a pump (EcoPlus Eco 264; 1,098 L/h) connected to pull water from the
outer water chamber, into the inner chamber (Figure 1.1). Water flowed up and through a
suspended mesh-bottom basket containing a layer of pea gravel. The gravel provided surface
area for establishment of biofilter bacteria. Upon arrival, mussels were initially held in the gravel
baskets but were later transferred to large cups containing pond-bottom sediments to more

closely mimic the soft, undercut bank habitat they were collected from.

During the holding period, water quality was monitored weekly. Partial water changes
were initiated if water quality parameters fell outside of the ranges presented in Table 1.1.

Mussels were held in the lab at room temperature (~21°C) for > 2 weeks to acclimate them to lab



conditions. During this time they were held at a12 hour light cycle and fed a daily ration of 0.2
mL LPB Frozen Shellfish Diet (an algae paste comprised of intact, dead algal cells from Reed
Mariculture Inc., Campbell, California) at 2 h increments using an automated feeder (GHL Doser

2.2, GHL USA LLC, Wilmington, North Carolina).

Acclimation to experimental temperatures

To initiate experiments, 30 mussels were randomly assigned to 5 experimental
temperatures (16°C, 20°C, 24°C, 28°C, and 32°C), with 6 total mussels/treatment. Two
upwellers were assigned to each temperature (10 total upwellers; 3 mussels per upweller).
Temperature in each upweller was then increased or decreased at a rate of 1°C per day. Once the
experimental temperature was reached, mussels were acclimated to that temperature for > 2
weeks. During this time, mussels were held under the same water quality conditions as described
for the initial holding period. Automatic feeder supply rates were adjusted at each temperature to

maintain an algal concentration of ~30,000 cells/mL.

Respiration rates of fasted mussels

On Day 0, we filled a respirometry trough (~300 cm x 60 cm x 66 cm) with ~189 L of
hard AFW, and brought the water to the appropriate experimental temperature using heaters
(Inkbird IRC-306T controllers) or chillers (AquaEuroUSA — 0.07457 kilowatt), and mixed water

overnight with a submersible pump.

On the morning of Day 1, the six mussels assigned to the experimental temperature were
taken from their holding upweller and cleaned with water and a brush to remove any built-up
algae, dirt, or debris from the shell. The mussels were then placed in holding cups in the

respirometry trough without food, to begin a 24-h fasting period. We then set up an eight-



chamber optical respirometry system (Loligo® Systems, Viborg, Denmark) in the same
respirometry trough. Acrylic respirometry chambers were either 422 mL or 600 mL in volume,
based on mussel size. Experimental mussels were then placed in chambers (one mussel per
chamber) such that the ratio of chamber volume (mL) to mussel wet mass (g) was approximately
7:1, similar to Haney et al. (2020). Two additional chambers received no mussels and were used

as controls to account for background bacterial respiration.

Each chamber was equipped with two pumps, a flush pump and a recirculating pump.
Each intermittent respirometry cycle consisted of a flush, wait, and measure period.
Recirculating pumps remained on throughout all periods of each cycle and circulated water
through a closed loop for each chamber (Figure 1.2). During the flush period, flush pumps were
turned on and replenished chambers with ~100% saturation trough water while flushing out
metabolic wastes. During the wait and subsequent measurement periods, the flush pumps were
turned off and mussels drew down O within each chamber. Dissolved oxygen was continuously

measured and recorded through all periods of each cycle.

Measurement periods were adjusted at each temperature such that the DO in any given
chamber did not decrease below 80% oxygen saturation (Clark et al., 2016). Flush periods were
of a sufficient length that DO within the chamber returned to near 100% saturation for several
minutes before the next measurement period was initiated. Once the flush and measurement
periods had been set, the AutoResp software (2.3.0; Loligo® Systems, Viborg, Denmark)
continued to turn the close and flush pumps on and off at the appropriate times for the remainder
of the experiment. During each measurement period, respiration rate (MO2) was calculated by

the AutoResp software using the following formula:



RMR (mg O2/gWWW/h) = W

Where:

[O2]t0 (mg O2/L) = DO at time t0

[O2]t (mg O2/L) = DO at time t1

V = chamber volume (L) — volume of mussel (L)
t=time tl (h) —time t0 (h)

BW = whole mussel body weight (g)

Mussels remained in respiration chambers with no food from the morning of Day 1
through 17:00 on Day 2. Although MO> was calculated for each measurement period, we only
used MO; estimates from 9:00 — 17:00 on Day 2 for analysis. This provided for a 24-h fasting
period prior to the first used MO> estimate in order to minimize or eliminate any food remaining
in the digestive tract. No feces were observed in chambers after the 24-h fasting period. It also
allowed the mussels to acclimate to the chambers for >12 h overnight (Haney et al. 2020) and

allowed for a 2 h adjustment period after the lights came on at 7:00.

Respiration estimates for mussels were corrected for background respiration by
calculating MO within each control chamber and subtracting the average control MO> from the

mussel chamber MO- estimates during each measurement cycle.
Respiration rate of feeding mussels

After completing the unfed experiments at 17:00 on Day 2, mussels remained in

respiration chambers and sufficient algae was added to trough water to achieve a concentration



of 30,000 cells/mL (£ 5,000 cells/mL). Algae concentration was then kept constant at ~30,000
cells/ml using a GHL Doser 2.1 (auto-feeder), set to dose an appropriate amount of algae per
hour. Mussels were allowed to feed on algae overnight as flush periods replenished water in
chambers. Respirometry on feeding mussels was conducted on Day 3 in the same manner as

previously described for the unfed trial with only data from 9:00-18:00 being used for analysis.
Data analysis

Within the 9:00-18:00 time period, we only used data from measurement periods where
the mussels were considered to have been open and actively respiring. Any measurement periods
for mussel chambers where the relationship between DO and time yielded an R? < 0.9, as
generated by the AutoResp software, was considered a partial or full closure event and that data
was not included (Chabot et al. 2020). Similarly, MO> from control chamber measurement
periods that yielded an R? < 0.9 were considered to represent negligible background respiration

for that period.

To determine the relationship between respiration rate and temperature for fasted
mussels, we calculated the mean respiration rate for each individual mussel. The resulting data
set was then plotted against temperature and fit with a linear and a quadratic regression using
SigmaPlot 13 (Systat Software®, Inc. 2014). The model with the smallest Akaike information
criterion (AlCc) was then selected as the best fit. This procedure was then repeated for the

feeding mussel respiration rates.

Temperature coefficient (Q1o) was calculated for MO; of fed and unfed mussels based on

the following formula (Lampert 1984):

QlO — {MOZIZ/ Moztl}(lol[t27tl])



where t1 = lower temperature (20°C), t2 = higher temperature (32°C), MO2" = MO at lower

temperature (20°C), and MO, = MO at higher temperature (32°C).

Because we used the same mussels at a given temperature for fasted and feeding trials,
we estimated the absolute SDA for each individual by subtracting the estimated fasting
respiration rate from that of the corresponding feeding respiration rate for each mussel. Factorial

SDA was estimated as the fed respiration rate divided by the fasted respiration rate.

To estimate seasonal changes in SDA under natural thermal regimes, we obtained 2021
and 2022 temperature data from a logger installed on the Black River, near our collection site by
collaborating researchers at Texas A&M University (Rangaswami et al. 2023b). Data was
collected daily at 30-minute intervals, allowing for incorporation of diurnal temperature swings.
Within each year, we selected the dates where temperatures fell within the temperature range
(16°C — 32°C) tested in this study. We then applied linear regression (for unfed MO>) and
quadratic regression (for fed MO>) to estimate fed and unfed respiration rates on each date based

on temperature.
RESULTS

Mussel length ranged from 73 — 106.7 mm and whole wet weight ranged from 44.5 —
110.1 g. Water quality parameters from the Black River at the collection site were as follows:
hardness > 500 mg/L CaCQOg; alkalinity = 160 — 250 mg/L CaCOs; DO = 7.2 mg/L, 81.4%
saturation; salinity = 0.81 ppt; and pH = 9.09; temperature = 21.25°C. The hard AFW recipe
used to fill the laboratory upwellers exhibited water quality parameters of ~ 8.35 pH, total
hardness ~ 197.5 mg/L CaCOg, and total alkalinity ~ 120 mg/L CaCOz. Water quality parameters

seldom fell outside of the acceptable levels that triggered a water change (Table 1.1). No mussel



deaths were observed during the holding period prior to conduction experiments or during

experiments.

The relationship between respiration rate and temperature was best described by a linear
regression for fasted mussels (5 = 0.4117x — 3.126, R? = 0.65, p < 0.0001; Figure 1.3A).
Conversely, when those same mussels were actively feeding, the relationship was best described
by a quadratic regression (¥ = 18.5994 — 1.5317x + 0.0426x?, R? = 0.65, p < 0.0001; Figure 1.3B)
with respiration rates remaining fairly stable between 16 and 20°C and increasing rapidly from
20 to 32°C. The Q1o was estimated to be 1.45 for unfed mussels and 2.65 for fed mussels across

a temperature range of 20-32°C.

The relationship between SDA, calculated as an absolute or factorial value, and
temperature followed a concave unimodal pattern with greatest SDA estimates observed at either
end of the temperature range tested (Figure 1.4A, B). At 16°C, mean respiration rate was 2.1 mg
O./kgWWW/h higher for feeding mussels compared to fasted mussels. This represented a 66%
increase in respiration rate. At 32°C, mean respiration rate was 2.9 mg O2/kgWWW/h higher for

feeding mussels compared to fasted mussels. This represented a 28% increase in respiration rate.

Seasonal patterns in temperature showed an expected pattern of rising temperatures in the
spring, and declining temperatures in the fall with maximum summer temperatures peaking
between 30 and 33°C in both years (Fig. 5). In late spring and fall, there was little difference
between estimated unfed and fed respiration rates. However, during the summer months, feeding
was estimated to incur substantial metabolic costs at daily maximum temperatures. At daily
minimum temperatures, respiration rates estimated for fed mussels showed a strong degree of

overlap with that of unfed mussels (Figure 1.5).

10



DISCUSSION

Freshwater unionid mussels are at particular risk of thermal stress due to their sessile
nature and limited ability to move to thermal refuges — although some species may temporarily
burrow down into the sediments to reach cooler temperatures (Gough et al. 2012). Thermal stress
is of particular importance for low discharge rivers such as the Black River, New Mexico where
temperatures frequently reach or exceed 30°C, and in regions where temperatures are predicted
to increase over time due to climate change (Milly et al. 2008; U.S. Bureau of Reclamation,
2011). Increased temperatures lead to increases in energy required by mussels for basic
maintenance, with maintenance costs peaking in the hot summer months. This potentially
reduces the amount of surplus energy (more than that required for maintenance) that is available
for vital processes such as growth and reproduction (Ganser et al. 2015). Similar to previous
studies (Haney et al. 2020), Texas hornshell mussels from the Black River showed a strong
increase in resting metabolic rate with increasing temperature, indicating an increase in energy

required for basic maintenance.

In addition to energy required for basic maintenance, SDA — energetic costs associated
with feeding and digestion — also tend to increase with water temperature for fish (Tirsgaard et
al 2015). Unlike fish, energetic costs associated with SDA have rarely, if ever, been measured
and reported for freshwater unionid mussels. In this study, we found that respiration rates of
feeding mussels responded to temperature differently than that of fasting mussels — reflecting
the temperature-dependent effects of SDA. As temperatures warmed from 20-32°C, the
magnitude of the increase in respiration for feeding mussels was substantially higher than that of
fasting mussels; shown by the higher Q1o for feeding THS as compared to fasting mussels. Thus,

SDA appears to be more sensitive to temperature than energetic costs of basic maintenance. A
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relatively low effect of temperature on respiration rates of fasting mussels has also been reported
for the marine mussel Mytilus californianus (i.e. Q1o = 1.20; 13-22°C; Bayne et al. 1976)

suggesting that this may be a common feature across distantly related bivalve taxa.

Metabolic costs of SDA appeared to be less severe for the freshwater THS compared to
some marine bivalve taxa. In Mytilus spp., SDA may double the metabolic rate (Lurman et al.,
2013; Thompson and Bayne, 1972). However, costs of SDA were considerably lower for THS
across a range of temperatures. At moderate temperatures (i.e. 20°C), THS did not appear to
incur any metabolic costs of SDA. Estimated SDA increased as temperatures rose from 16 —
32°C and also as temperatures cooled from 16-32°C, but the mean factorial SDA rose to only
66% at 16°C and 28% at 32°C. In Mytilus spp., the mechanical costs of feeding can represent 18—
24% of the energy available from ingested food, with costs of digestion and assimilation
representing an additional 6-8% (Bayne and Scullard, 1977; Bayne et al. 1976). Because SDA
costs appear to be substantially lower for THS than for Mytilus spp., SDA likely requires a lower
proportion of available energy from ingested food, but this is something that should be

investigated in future studies.

Although costs of SDA were less for freshwater THS than has been previously estimated
for marine bivalves, proportional increases in respiration of 66 and 28% for actively feeding
mussels at colder and warmer temperatures may still incur substantial energetic stress on mussels
during different times of the year. Even though the proportional increase in respiration was
greater at cool temperatures, the absolute difference in respiration rate between fed and unfed
mussels was actually higher at warm temperatures. This translated to only relatively minor
increases in estimated respiration rates of feeding mussels during spring in the Black River, but

major increases during the hot summer months. Even as THS require more and more energy to

12



meet their basic maintenance needs during the hot summer months, the costs of obtaining energy
from their environment (i.e. feeding and digestion) are increasing at an even faster rate. The
hotter the summer, the higher the energetic cost to these mussels. Temperatures approaching
32°C are seen regularly in the Black River during summer. As the climate continues to change,
river water temperatures are estimated to increase on average by 1.2°C by 2100 (van Vliet et al.
2013). Additional effects of reduced water flow from increased agriculture withdrawal and
drought frequency, make it likely that mussels will see an increase in extreme temperature

events, significantly increasing metabolic stress.

This study expands our knowledge of costs of feeding for aquatic ectotherms, with the
added benefit of quantifying these vital physiological parameters for a federally endangered
mussel facing current and future thermal stress in its remaining natural habitat. Additional
studies are needed to examine changes in SDA at even higher temperatures in order to predict the
impacts of further increases in temperature due to climate change and reduced flow resulting
from water demand and drought. Similarly, studies examining the impact of increasing
temperature on energetic intake and energy budgets are needed. Do mussels keep pace with
higher energetic costs of feeding by simply ingesting/digesting more food? Or will they be
running an energetic deficit, unable to ingest and digest enough feed to keep up with higher
energetic costs? These questions are addressed in the following chapter regarding scope for

growth for THS mussels.
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Table 1.1: Acceptable ranges of upweller water quality parameters (Augspurger et al., 2003;
Boyd, 2014)

Water quality pH Alkalinity Hardness Ammonia Nitrite
parameter (mg/L CaCOs3) (mg/L CaCOs) (mg/L TAN) (mg/LN)
Lower limit 7.0 20 50 - -

Upper limit 8.5 - - 0.3 0.5
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Figure 1.1: Diagram of upweller systems. A submersible pump was placed under the water line
(blue dotted line) and pushed water from the outer insulated tub into the bottom of an inner
chamber, through a gravel basket (mesh pattern), and back out through holes at the top of the
inner chamber. Diagram credit to Hannah Adkins 2023.
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Figure 1.2: Diagram of intermittent respirometry system adapted from Haney et al. (2020) where
THS were placed inside a PCV cup in an acrylic chamber, attached to a flush pump to pump
fresh, ambient trough water through the chambers during flush cycle, and a recirculating pump to
circulate water through the chamber during measure cycles. It also includes the optical DO
sensor that measures oxygen levels in water leaving the chamber, check valves (CV) to control
the direction of water flow, and flow valves (FV) to control the rate of flow into the chamber.
Arrows indicate direction of water flow (red = recirculating water, black = flushing water).
Diagram credit to Hannah Adkins 2023.
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Chapter 2: Effects of Temperature on Scope for Growth of Popenaias popeii
INTRODUCTION

Predicting effects of increasing temperatures on the health of aquatic organisms is
receiving increasing attention in light of climate change, increasing demand for water
withdrawal, and alteration of natural flow regimes (Xenopoulos et al., 2005; Martins et al.,
2017). Water temperatures are already increasing in many rivers and streams in the United States
(Kaushal et al., 2010; Isaak et al., 2012). In the southwestern U.S., annual mean precipitation is
very likely to decrease and temperatures are predicted to increase (Intergovernmental Panel on
Climate Change, 2023). States such as New Mexico with relatively little rainfall and relatively
few surface water systems are at particular risk of flow reductions and rising temperatures —
putting their already limited aquatic fauna at risk (Center of Excellence for Hazardous Materials

Managment, 2017; Cayan et al., 2010).

One approach to examining sublethal effects of thermal stress on aquatic organisms is to
construct energy budgets. Energy budgets of ectotherms are strongly affected by temperature.
One type of energy budget that is frequently used is scope for growth (SFG) — amount of
energy available to an organism for both reproduction and growth after basic maintenance costs
have been met. This approach has been used for assessing multiple stressors on a wide variety of
aquatic ectotherms including (Gammarus pullex - Naylor et al., 1989; Perna viridis — Wang et
al., 2011; Placopecten magellanicus — MacDonald & Thompson, 1986). It requires the
measurement of ingestion and absorption efficiency to estimate energy moving into an organism
and respiration rates to estimate energy expended by an organism (Widdows and Staff, 2006;

Luck and Ackerman, 2021).
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Unionid mussels provide important ecological services and are considered ecosystem
engineers — they clear the aquatic systems and play a key role in nutrient cycling (Vaughn et
al., 2008; Haag, 2012; Vaughn, 2018). They are also an optimal organism for measuring SFG
due to their sessile nature. Unlike fish or other more mobile animals, mussels do not require
quantification of energetic costs of motor movements to locate and find prey. Respiration rates
can be directly measured while mussels are actively filter-feeding. Given this mode of feeding,
we can quantify their food intake by simply measuring the mussel’s clearance rate (the volume
of water cleared entirely of particles per unit time). The ability to directly measure energetic
intake while estimating energetic expenditure allows for a relatively easy estimation of SFG

relative to other taxa such as fish.

Texas hornshell (THS; Popenaias popeii) are a federally listed endangered freshwater
mussel with a scattered range in the Rio Grande River drainage basin in Texas and New Mexico
(USFWS, 2018). On February 9, 2018, the U.S. Fish and Wildlife Service officially listed P.
popeii as endangered under the Endangered Species Act (ESA). A driving factor behind the
listing status of this mussel was a dramatic decrease in range continuity. THS was historically
found throughout the Rio Grande River drainage basin, with its southernmost range in the main
river near the Gulf of Mexico, and its northernmost range in the Black River in southwest New
Mexico (Karatayev et al., 2018). Currently, it is estimated to exist in only 21% of its presumed
range, with one river population being near extirpation (Randklev et al., 2018). Threats to THS
include decreased water flow caused by increased agriculture pressure and prolonged droughts,
increased salinity, and increasing temperatures, along with habitat degradation and agricultural

runoff pollutants (Rangaswami et al., 2023).
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Knowledge regarding environmental tolerances are required for continued development
and refinement of conservation strategies for THS. Previous studies have examined thermal
tolerances of THS glochidia, juveniles and presumed fish hosts in the Devils River, Texas and
found evidence for stream temperatures exceeding LT05/50 values for those life stages
(Rangaswami et al., 2023). However, there has been little to no published research examining
effects of thermal stress on adult THS and whether temperatures in their remaining habitat

regularly exceed thresholds above which sublethal and lethal effects are likely to occur.

In this study, we therefore address the following questions: 1) How does temperature
affect physiological rates and SFG of THS and 2) What times of year (if any) are THS at

particular risk of sublethal thermal stress due to water temperature?

METHODS

Collection & Lab acclimation

Fifty THS mussels were collected in early October of 2021 from the Black River in
Carlsbad, New Mexico under federal collection permit #TE78507C-0. On Day 1 we conducted a
qualitative search for THS in multiple pools of the Black River, flagging the approximate
locations of detected mussels. On Day 2 we collected animals from the three pools that had the
highest numbers of detected mussels. Less than 50% of detected mussels were collected from
any given pool, for a combined total of 50 mussels across the three pools. Multiple water quality
measurements were measured in situ from each pool and recorded at the time of collection:

dissolved oxygen (DO), salinity, pH, temperature, and atmospheric pressure.

Mussels were sandwiched between moist, cotton towels (detergent and softener free) in

three hard-sided coolers (< 20 mussels/cooler) with 1-2 small ice-packs in each cooler to keep
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them from overheating while shipping. Two, replicate water samples (250 mL each) were
collected from each of the three collection sites and placed in coolers for subsequent
hardness/alkalinity analysis and estimation of shipping temperature at the Auburn lab. The
coolers with the mussels and water samples were shipped overnight from Carlsbad, NM to the
CAMEL lab in Auburn, AL. Upon arriving in Auburn, AL the mussels were placed in prepared
upwellers containing 5-salt Hard AFW (artificial freshwater; Smith et al., 1997) to approximate

water quality at the collection site.

Upwellers were filled with hard AFW and circulated for > 2 weeks prior to the arrival of
experimental mussels in order to allow for establishment of an active biofilter. Upwellers
consisted of an outer insulated container (116 L capacity), within which sat a smaller container
(63cm x 40cm x 35cm) with a pump (EcoPlus Eco 264, 1098 L/h) connected to pull water from
the outer water chamber, into the inner chamber. Water flowed up and through a suspended
mesh-bottom basket containing a layer of pea gravel. The gravel provided surface area for
establishment of biofilter bacteria. Upon arrival, mussels were initially held in the gravel baskets
but were later transferred to large cups containing pond-bottom sediments to more closely mimic

the soft, undercut bank habitat they were collected from.

During the holding period, water quality was monitored weekly. Partial water changes
were initiated if water quality parameters fell outside of the ranges presented in Table 2.1.
Mussels were held in the lab at room temperature (~21°C) for > 2 weeks prior to acclimating
them to experimental temperatures. During this time they were held at a 12 hour light cycle and
fed a daily ration of 0.2 ml LPB Diet (Reed Mariculture Inc.: Campbell, California) at 2 h
increments using an automated feeder (GHL Doser 2.2, GHL USA LLC, Wilmington, North

Carolina).
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Acclimation to experimental temperatures

To initiate experiments, 6 mussels were assigned to each of 5 experimental temperatures
(16°C, 20°C, 24°C, 28°C, and 32°C). Two upwellers were assigned to each temperature (10 total
upwellers) and oysters assigned to a given temperature were divided between the two upwellers.
Temperature in each upweller was then increased or decreased at a rate of 1°C per day. Once the
experimental temperature was reached, oysters were acclimated to that temperature for > 2
weeks. During this time, mussels were held under the same conditions and feeding regime as

described for the initial holding period.

General Scope for Growth Assay Design

Scope for Growth methodology was adapted from Widdows and Staff (2006), using
temperature as the stressor. After acclimation to laboratory conditions for >2 weeks, thirty
mussels were randomly assigned to one of five temperatures (16°C, 20°C, 24°C, 28°C, 32°C),
with six mussels per temperature. All mussels were acclimated to their assigned temperature for
at least 2 weeks prior to conducting SFG assays. Each individual was tested at only one
temperature, but each individual was subjected to multiple SFG assays at that temperature.
During acclimation to their assigned temperature, and throughout all subsequent SFG assays,
mussels were fed at a nominal concentration of 30,000 cells/ml (£ 5,000 cells/mL) using

automated feeders (GHL Doser 2.2, GHL USA LLC, Wilmington, North Carolina).

To determine the relationship between SFG and temperature of acclimated mussels, on
Day 1 we measured respiration rates of mussels assigned to each temperature in order to assess
respiratory energy expenditure. Day 2 consisted of measuring clearance rates of the same

mussels at that temperature to assess energy consumed or ingested. At the end of Day Two, feces
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were collected to assess food absorption efficiency. SFG was calculated for each individual

mussel using the formula:
SFG=A-R
Where
A = absorbed food energy (JJgWWW/h) = C x FAE
where
C = Energy consumed or ingested (JJgWWW/h)
FAE = Food absorption efficiency
R = Respiratory energy expenditure = MO, x 14.06
Where
MO- = mass-specific respiration rate (mg O2/gWWW/h)
14.06 = factor to convert oxygen consumption to Joules (Gnaiger 1983)
Methodology and calculations for A, C, FAE, and R are described below.
Respiratory Energy Expenditure (R)

Respiration rate of actively feeding mussels was measured using intermittent
respirometry, as described in Chapter 1. Mussels were in their assigned respiration chambers
with algal concentration maintained at 30,000 cells/mL (+ 5,000 cells/mL) on by 17:00 on Day 0,
allowing for overnight acclimation to the respiration chambers. Day 1 of the SFG assay consisted
of running intermittent respirometry from 9:00 — 17:00 at the algal concentration of 30,000

cells/mL (x 5,000 cells/mL).
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Absorbed Food Energy Measurements (A, C, FAE)

At the termination of the respiration assays, mussels were removed from the chambers
and transferred to filtration cups. Filtration cups were 1L food-grade plastic cups that had been
notched to hold 750 mL and allow for water pumped into each cup to overflow back into the
experimental trough after reaching capacity (Figure 2.1). Each filtration trial included ten filter
cups — six cups held one mussel each whereas the remaining four cups contained no mussels and
served as controls to correct for background algal settling rates. During all filtration trials, algal
concentrations in the experimental trough were maintained at 30,000 cells/mL (% 5,000 cells/mL)
using an automated feeder as described previously. Algal concentrations were monitored by
measuring absorbance and converting to cell concentration (cells/mL) using a previously

calculated calibration curve between absobance and cells/mL (Figure 2.2).

Mussels were allowed to acclimate to filtration cups overnight. During the acclimation
period, water was continually pumped into each cup to maintain a constant algal concentration.
Filtration trials were initiated at 9 AM the following morning (Day 2) at which time all pumps
were turned off, eliminating water flow into the cups. Two replicate 5 mL initial samples were
collected from each cup, and algal concentration was determined via spectrophotometry. Mussels
were allowed to filter undisturbed for 30 — 90 minutes, with lower temperatures requiring longer
filtration periods. Algal concentrations were not allowed to decrease below 60% of the initial
concentration, to avoid skewing filtration rate based on dramatically different algal
concentrations. At the end of that time, two replicate 5 mL water samples were collected from all
cups and algal cell concentration was again determined via spectrophotometry. Pumps were then

turned back on for a minimum of 15 minutes before initiating the next filtration measurement to
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ensure algae levels had returned to ambient trough algae concentration (30,000 + 5,000

cells/mL).

Filtration rates were measured repeatedly in this fashion from 09:00 — 17:00, with 4 to 7
estimates for each mussel at their assigned temperature. At 17:00 water flow to the cups was
turned off for the final time. Mussels were removed from cups and feces collected with a pipette,
and placed on pre-weighted glass fiber filters. Pseudofeces production was minimal and care was
taken when retrieving feces to avoid any psuedofeces in the cups. We collected as much feces as
we could from each individual mussel. Feces filters were then dried at 105°C overnight in a
drying oven (VWR 1320 Drying Oven), and dry weight was recorded. Feces filters were then
combusted at 550°C for 1 hour in a muffle furnace (Thermolyne F62735, ThermoFisher
Scientific), and ashed weight was recorded. Ash-free dry mass was calculated as dry weight
minus ashed weight and corrected for any changes in filter blanks that had gone through the
same process with no feces. Cumulative mass of feces produced by the mussel was not
calculated. Only the ratio of ash-free : dry mass of feces was used in SFG calculations. If the dry
mass of feces on a given filter was < 0.001 g, we considered the sample to be too small for
reliable estimation of ash-free : dry mass ratios, as our scale had a precision of 0.0001g, and did
not include that data in SFG calculations for that individual. Instead, we used the mean ash-free :
dry mass ratios calculated from feces samples of sufficient size collected from other individuals

at that temperature.

At 17:00 we also collected 6 replicate samples of ~0.8 L trough water to determine the
ash-free : dry mass ratios of suspended algae. Water was vacuum filtered through 1-micron glass

fiber filters to retain algae. Algal filters were then processed in the same manner as the feces
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filters. Concentration of ash-free dry mass (mg/L) was calculated by dividing ash-free dry mass

by the volume (L) of water filtered.
Absorbed Food Energy Data Analysis

Clearance rate (L/gWWW/h) was calculated for each mussel during each filtration measurement

period (4 — 7 measurement periods per mussel) using the following equation (Coughlan, 1969):
Vol x loge ac1 — loge acz / t
Where
Vol = volume of the filtration chamber in L
acy = initial algal cell concentration
acz = final algal cell concentration
t = time interval in h

Energy consumed (C) was calculated as the maximum clearance rate observed for a given mussel
x the initial concentration of ash-free dry mass of algae (mg/L) for that clearance rate estimate x

23 JImg ash-free dry dry mass of algae (Slobodkin and Richman, 1961, Widdows et al., 1979).
Food absorption efficiency (FAE) was calculated as:

(F-B)/[F(1-E)]

Where

F = ash-free dry weight : dry weight ratio of algae

E = ash-free dry weight : dry weight ratio of feces
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Energy absorbed (A) was then calculated as C x FAE for each individual mussel.

Data analysis was completed using both SigmaPlot 13.0 (Systat Software, Inc. 2014°)
and R Statistical Software (v4.3.0; R Core Team 2023). Regressions between clearance rate,
energy ingested, absorption efficiency, respiration rate, and temperature were calculated using
SigmaPlot 13. Regressions tested included linear, quadratic, and sigmoidal regressions. Best-fit
regressions were identified as having the lowest AICc score. The relationship between SFG and
temperature was determined using a smoothing spline via the “npreg” package (Helwig, 2022) in

R.

To estimate seasonal shifts in SFG based on natural thermal regimes, we obtained daily
temperature data from temperature loggers in the Black River near the mussel collection sites.
Scope for growth at each temperature measurement was estimated using the previously described
smoothing spline formula relating SFG to temperature. In this manner, SFG was estimated

during periods in 2021 and 2022 when temperatures fell within our tested range of 16 — 32°C.
RESULTS

Water samples collected from the Black River had a hardness of > 500 mg/L CaCO3, and
alkalinity ranging from 160 — 250 mg/L CaCOa3. In situ DO = 7.2 mg/L (81.4% saturation),
salinity = 0.81 ppt, pH = 9.09, temperature = 21.25°C, and atmospheric pressure = 599.5 mmHg.
The hard AFW recipe used to fill the laboratory upwellers exhibited water quality parameters of
~ 8.35 pH, total hardness ~ 197.5 mg/L CaCOg, and total alkalinity ~ 120 mg/L CaCOgz. Water
quality parameters seldom fell outside of the acceptable levels that triggered a water change

(Table 2.1). Mussel length ranged from 73 — 106.7 mm and whole wet weight ranged from 44.5
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—110.1 g. No mussel deaths were observed during the holding period prior to conducting

experiments or during experiments.

The relationship between clearance rate (L/gWWW/h) and temperature was best fit with
a quadratic regression, with clearance rate increasing rapidly as temperatures increased beyond
24°C ( = 0.0251 — 0.0026x + 0.00007x2, R? = 0.78, p < 0.0001; Figure 2.3). The energy
ingestion rate (J/JgWWW/h) did not follow this pattern but was best fit by a sigmoidal, four-

parameter curve:

0.1644
X—24.7\1
1+e_( 0.885 )

(f =0.033 + R2=0.76, p < 0.0001; Figure 2.4).

Energy ingestion rate was fairly stable from 16 — 24°C, increased rapidly from 24-28°C, and
then leveled off between 28°C and 32°C. The proportion of ingested energy that was absorbed
by mussels did not remain constant with rising temperatures, but rather, was best fit by a
quadratic regression (f = -0.2826 + 0.0873x — 0.0017x?, R? = 0.33, p = 0.0062; Figure 2.5).
Absorption efficiency initially increased as temperatures rose above 16°C, peaking between 24—
28°C and subsequently declining as temperatures increased further. Multiplying absorption
efficiency by energy ingested resulted in a sigmoidal curve for energy absorbed that was similar

in shape but lower than that for energy ingested (Figures 2.4, 2.5).

0.136

— R? = 0.76, p < 0.0001; Figure 2.6). The relationship between

1+e_( 0.176

(f = 0.023 +

energetic costs of actively feeding mussels, as represented by respiration (J/JgWWW/h), and
temperature was best fit by a quadratic curve (5 = 0.262— 0.022x + 0.000599x?, R? = 0.66, p <
0.0001; Figure 2.7). Similar to clearance rate, energy expenditures increased rapidly as

temperatures increased above 24°C. Scope for growth remained stable from 16°C — 24°C, then
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rose sharply, peaking at 28°C and subsequently declining sharply as temperatures increased from
28 to 32°C. Scope for growth estimates were negative below 24°C, becoming positive between

24 and 28°C, and dipping back down to negative values at 32°C (Figure 2.8).

Water temperatures in the Black River generally fell within the range promoting a
positive SFG late May through late October in both 2021 and 2022. However, mid-summer
temperatures were warmer in 2022, frequently exceeding the upper threshold (31°C) above
which SFG declined once again to negative values. Water temperatures in Spring and Fall were
generally below the thermal threshold for a positive SFG, especially in 2021 (Figure 2.9 A, B).
Daily maximum temperatures generally resulted in a maximum daily SFG from April through
June and from October through November. This pattern reversed between June and October with
daily maximum temperatures frequently resulting in a minimum daily SFG, particularly in 2022

(Figure 2.9 C, D).
DISCUSSION

In this study, our first goal was to determine the effects of temperature on SFG and how
various physiological rates interacted to drive this pattern. We found that temperature had a
significant, but non-linear effect on mussel SFG, due to diverging patterns of various
physiological rates as temperature rose from 16 — 32°C. This resulted in three apparent thermal
phases. In the first phase (16-24°C), SFG was negative, and relatively stable with a slight
increase as temperatures approached 24°C. Because clearance rates did not begin to increase
until ~24°C and absorption efficiency did not peak until ~24°C, the energy absorbed by mussels
remained less than the amount of energy expenditures represented by respiratory costs
throughout this temperature range. Respiratory costs, measured on actively feeding mussels,

represented basic maintenance plus specific dynamic action (SDA: energy expended on food
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acquisition, digestion, and assimilation). The finding that energetic costs were higher than energy
gains within the range of 16-24°C, and thus not conducive for growth of adult THS, is supported
by empirical observations from previous studies using juveniles of different species in laboratory
and natural settings. In a previous lab study, growth of juvenile mussels (E. brevidens, E.
capsaeformis, and L. fasciola) was positive but significantly lower at 20 and 22°C compared to >
24°C (Carey et al., 2013). Field studies examining the relationship between temperature and
growth of L. cardium in Kentucky streams showed minimal growth of juvenile L. cardium at 20—
22°C but temperature effects were likely compounded with additional, unidentified stressors.

When defaunated streams were removed from the dataset, zero growth was predicted at 17.8°C

(Haag et al., 2019).

In the second phase, SFG was positively related to temperature, increasing sharply and
becoming positive between 24 and 28°C. During this phase, even though energetic costs were
increasing with temperature, clearance rate was also increasing rapidly and absorption efficiency
peaked. This resulted in energy absorption rates exceeding respiratory costs, and a peak in SFG
at ~28°C. The rise in SFG suggests that temperatures ~28°C would support optimal growth for
SFG. This pattern is also supported by empirical observations from previous laboratory and field
studies. Maximum growth rates of juvenile mussels (E. brevidens, E. capsaeformis, and L.
fasciola) fed a commercial algal formula in downweller buckets were observed at 26-28°C
(Carey et al., 2013). Field studies showed a weak but positive relationship between growth of
juvenile C. cardium from ~22.5 to 25, which corresponds to the temperature range where SFG of

adult THS began slowly increasing towards positive values (Figure 2.9B, Haag et al., 2019).

In the third phase, SFG was negatively related to temperature, decreasing sharply back

down to negative values as temperatures increased from 28 to 32°C. During this phase, clearance
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rate and respiratory costs continued to increase. Because clearance rate represents the volume of
water cleared of algal particles per unit time (Coughlan, 1969), and algal concentration remained
constant, an increase in clearance rate could have resulted in a sufficient increase in energy
intake to offset the increased respiratory costs. However, energy ingested and absorbed did not
increase, but instead leveled off at high temperatures. This was due to a reduction in absorption
efficiency coupled with reduced food quality (i.e. organic content per cell) at high temperatures.
Because we used non-living algal cells in our study, the reduction in organic content was likely
due to increased decomposition rates at high temperatures. Unionid mussels in lotic and lentic
systems may derive a substantial portion of their food resources from detrital coarse and fine
particulate matter (CPOM and FPOM) in addition to suspended particulate organic matter
(Fogelman et al., 2022, 2023). The importance of food quality in driving the decline of SFG at
high temperatures points out the importance of considering the relationship between temperature
and quality of benthic detritus and phytoplankton as food resource pools. Phytoplankton
community composition, size, and resource allocation (Schabhdttl et al., 2013; Toseland et al.,
2013; Zohary et al., 2021) can all change with temperature, resulting in potential changes to food

quality for freshwater mussels.

In the Black River, seasonal temperatures frequently fall outside of the thermal bounds
for positive SFG found in this study. As a consequence, THS can regularly experience zero or
negative SFG during most months of the year. Temperatures promoting positive SFG primarily
occurred from late May through early October, indicating that this is when maximum investment
in growth and reproduction occurs. Previous studies have shown that gonadal activity is lowest
in October and November, and females have been observed as gravid from March through

August (Smith et al., 2003). However, during mid-summer, water temperatures can frequently
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reach temperatures of 32°C — resulting in SFG declining back to negative values. Thus in years
that exhibit warmer than normal temperatures, mid-summer temperatures become too hot to
facilitate optimal growth and reproduction, dividing the optimal growing season into two smaller
periods (late spring/early summer and late summer/early fall). In 2022 (assuming Jan. —Apr. and
Nov. —Dec. were too cold to promote positive SFG), there were only ~2 months of the year (June
and Sept.) when THS had an SFG above 0.02. Given the March — August gravidity of females, if
summer months are too warm, the THS females would likely be running at a deficit of energy

during their gravidity.

Different mussel species and/or mussels from different latitudes may exhibit different
SFG patterns than found in the current study. Adult male L. siligoidea collected from the Thames
River near Innerkip, Canada (43.215N, -80.692W) exhibited a lower optimal SFG (20°C) under
conditions of moderate water velocity and low turbidity (Luck and Ackerman, 2021). In contrast,
our mussels were collected from the Black River in New Mexico, U.S.A. (Lat Long coordinates
not provided due to this being a federally listed mussel). Additional studies examining the
relationship between latitude and optimal SFG temperature are needed to determine whether
SFG changes in a predictable fashion between northern and southern North American unionid

mussel populations and subpopulations.

In our study, physiological rates were measured at a constant temperature for individuals
acclimated to that temperature. Additional studies are needed to determine whether acute
temperature changes have similar effects on SFG as temperature changes to which they have had
sufficient time to acclimate. In natural systems, mussels experience daily changes in temperature
as waters typically warm from morning to daily maximum in late afternoon. If mussel SFG

response to acute temperature changes follows the same pattern as for acclimated temperatures
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(i.e. this study), daily increases are likely to be beneficial in the Spring and Fall as temperatures
rise closer to the optimum 28°C. However, in the summer months, these increases are likely
detrimental if daily maxima exceed 28°C and SFG begins to decline. Sensitivity to daily
increases in temperature would increase the importance of monitoring flow and temperature
during the summer months. Even if daily average temperatures were within an optimal
temperature range, daily maximum temperatures could cause SFG to plunge toward or below

zero on a daily basis

In the current study, estimated SFG was often negative. It is possible that we
underestimated SFG in the natural environment because we only measured energy intake from
filter feeding, not accounting for the possibility of pedal feeding. Multiple mussel species from
Texas rivers derive an average of 51% of their diet from coarse particulate organic matter of
benthic origin, suggesting that the importance of pedal feeding may be overlooked (Gatenby et
al., 1996; Nichols et al., 2005; Fogelman et al., 2022; Fogelman et al., 2023). Texas Hornshell
mussels used in the current study were collected from a highly organic soft sediment in undercut
banks in the Black River; the availability of benthic organic energy may be significant for THS

and unaccounted for in our SFG calculations.

Due to climate change, global river water temperatures are estimated to increase on
average by 1.2°C by 2100 (van Vliet et al., 2013). This increase in combination with reduced
water flow from predicted increases in water withdrawal and droughts (CEHMM, 2017; Cayan et
al., 2010, Zektser et al., 2005), will likely mean that THS will see an increase in these more
extreme temperatures, significantly affecting physiological rates, and potentially decreasing the

energy available for growth and reproduction.
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Texas hornshell are already experiencing thermal stress in the Black River. If summer
temperatures continue to increase, their ability to grow and reproduce may decline. Information
regarding the relationship between temperature and SFS will help managers of the Black River to
implement effective flow regime regulations. If flow regimes are managed to minimize the
impacts of droughts, isolated pools warming in the hot summer months, and other factors that
increase the frequency of thermal stress, the federally endangered THS have a better chance of

survival and possibly even recovery in the decades to come.
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Table 2.1. Acceptable ranges of upweller water quality parameters (Augspurger et al., 2003;
Boyd, 2014)

Water quality pH Alkalinity Hardness Ammonia Nitrite
parameter (mg/L CaCOs3) (mg/L CaCOs) (mg/L TAN) (mg/LN)
Lower limit 7.0 20 50 - -

Upper limit 8.5 - - 0.3 0.5
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Figure 2.1. Diagram of filtration set-up, including a 750 mL chamber, a PVC cup for
positioning mussel, and a recirculating pump to flush fresh water into the cup during flush
periods. The V-notch at the top of the cup allows excess water to flow out of the chamber

when the flush pump is turned on.
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Figure 2.2: Calibration curve of cells/mL vs. absorbance at 450 nm.
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Figure 2.3: Relationship between maximum observed clearance rate and temperature. Each
grey dot represents an individual mussel.
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Figure 2.4: Relationship between energy ingested and temperature. Each grey dot represents
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49



Energy absorbed (J/gWWW/h)

0.30 -

0.25 1 R*=0.76 o
Y = 0.023+0.136/(1+exp(-(x-24.134)/0.176))
p < 0.0001 o
0.20 -
o
© o
0.15 - 8
o
o
0.10 A © o
o
0.05 A o
. o o
o
0.00 Q 8 . . .
16 20 24 28 32

Temperature (°C)
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Figure 2.9. Water temperature in the Black River near the collection site in A) 2021 and B) 2022

with horizontal lines showing thresholds for positive and optimal scope for growth. Water

temperatures were recorded every 30 minutes. Scope for growth estimated from water

temperatures in C) 2021 and D) 2022 where the black line shows SFG estimates for each water

temperature recorded and the red dots show SFG estimates at the maximum daily temperatures.

Horizontal grey dotted line indicates the threshold between positive and negative scope for

growth.
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Appendix

Table 1: Regressions tested in Chapter 1 and 2. The highlighted rows indicate the regressions
chosen based on lowest AlCc.

Chapter/Figure Parameter measured Regression type AlCc R?
Ch. 1 Unfed Respiration Rate Quadratic 40.8720 0.6526
Ch. 1/Figure 1.1A Unfed Respiration Rate Linear 38.1382 0.6525
Ch. 1 Fed Respiration Rate Linear 62.3406 0.5707
Ch. 1/Figure 1.1B  Fed Respiration Rate Quadratic 58.1299 0.6588
Ch. 2/Figure 2.3  Clearance Rate Quadratic -342.5522 0.7833
Ch. 2 Energy Ingested 3-parameter sigmoidal -139.9251 0.3573
Ch. 2/Figure 2.4  Energy Ingested 4-parameter sigmoidal -165.8604 0.7581
Ch. 2 Absorbtion effeiciency 4-parameter sigmoidal -126.1260 0.3626
Ch. 2/Figure 2.5  Absorbtion efficiency Quadratic -127.8731 0.3337
Ch. 2 Energy absorbed 3-parameter sigmoidal -168.8871 0.7252
Ch. 2/Figure 2.6 Energy absorbed 4-parameter sigmoidal -169.899  0.763
Ch. 2 Respiration Rate Linear -193.5247 0.5707
(J/gww/h)
Ch. 2/Figure 2.7  Respiration Rate Quadratic -197.735  0.659
(J/gww/h)
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