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ABSTRACT
Phenology of fish spawning in lotic ecosystems depends on interactions
between species life history strategies and patterns of environmental
variation related to hydrology and seasonality. To further study these
relationships, we examined patterns of larval fish abundance in relation to
discharge and other environmental variables in the Brazos and Trinity
rivers, Texas. From March 2013 to March 2014, environmental data and
larval fishes were collected twice each month using drift nets. Multivariate
analyses indicated that, at both study sites, water temperature was the
primary mechanism driving temporal and taxonomic variation in larval
fish assemblage structure at the family level. However, in the Trinity River,
assemblage structure was significantly associated with discharge, albeit to
a lesser degree than with water temperature. Cyprinid protolarvae
dominated catches in both rivers and did not seem to be constrained by
any aspect of the flow regime, as evidenced by their high abundance
throughout the reproductive season (April!September). Analysis of larval
fish abundance at the family level compromised our ability to infer
spawning dynamics of species classified as fluvial specialists. Further
research enabling identification of larvae to species-level is needed to
elucidate how flow regime components influence reproduction and
recruitment of fluvial specialists.

KEYWORDS
Drift; flow regime; hydrology;
life history strategy;
seasonality; spawning

Introduction

The most influential environmental factor affecting fish community structure in lotic ecosystems is
flow regime (Poff et al. 1997; Grossman et al. 1998, 2010). Research on the functional traits of fishes
in rivers has demonstrated relationships between hydrological regime and predominant life history
strategy (Mims & Olden 2012). For example, species with a periodic life history strategy (large
bodied, delayed maturation, high fecundity, episodic recruitment) dominate in seasonal environ-
ments, such as large rivers in the tropics and those at high latitudes that receive spring snow melt
(Winemiller & Rose 1992; Olden & Kennard 2010; Winemiller 2010). In rivers with unpredictable
discharge, such as those of the Great Plains of the United States, opportunistic species (small-bodied,
early maturation, continuous reproduction, low survivorship) tend to dominate (Olden & Kennard
2010; Winemiller 2010; Mims & Olden 2012). Relationships between fish life history strategies and
gradients of hydrologic variability reveal inter-continental convergence (Olden & Kennard 2010),
suggesting that general hydrological mechanisms may structure fish species assemblages in rivers.
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To further assess these relationships, we examined hydrology and temporal patterns of lar-
val fish abundance in lowland rivers of the northwestern coastal plain of the Gulf of Mexico.
Hydrology influences multiple mechanisms that can influence local assemblages of larval fish.
The low flow hypothesis (Humphries et al. 1999) proposes that many fish species invest greater
reproductive effort during periods of low flow so that larvae can inhabit marginal pools and
other slack-water habitats with relatively high temperatures and abundant larval food resources
(Humphries et al. 1999) that promote growth and development (Moore 1944; Platania &
Altenbach 1998; Humphries et al. 1999). Rapid development enhances larval fish survival,
because larger size is associated with better swimming ability, which is critical for avoiding
predation and capturing prey (Fuiman 1989; Bone et al. 1995; Mann & Bass 1997). During
this susceptible period, mortality from starvation is believed to be high because poor swim-
ming ability prevents larval fishes from efficiently capturing appropriately sized prey items
(Humphries et al. 1999). Additionally, during low flow conditions, larval fish may have an
advantage in capturing prey because resource densities are higher (Humphries et al. 1999).
Conversely, low flow conditions can increase larval mortality if habitat reduction results in
greater food resource competition and risks of predation, or environmental quality declines
within isolated habitats due to low concentrations of dissolved oxygen and high water temper-
atures that challenge physiological tolerances (Harvey 1991; Copp 1992; Humphries et al.
1999).

In direct contrast to the low flow hypothesis, the flood pulse concept maintains that fish reproduc-
tion is greater during periods of increased discharge. Flood pulses may provide spawning cues and
floodplain inundation creates temporary but productive aquatic habitats for spawning and larval
growth and survival (Junk et al. 1989). As flood pulses recede, they leave behind shallow, low-veloc-
ity habitats that often are ‘hot spots’ for aquatic primary production (Bowen et al. 2003; Hoagstrom
& Turner 2013). Spawning during flood pulses allows larvae and their predators to disperse at low
densities within a greatly expanded volume of aquatic habitat, which should reduce both predation
mortality and competition for food resources (Hoagstrom & Turner 2013). Relative benefits of a
flow pulse for successful reproduction depend on pulse duration and timing (Finger & Stewart
1987). In the Great Plains of the United States, the relationship between flow pulses and spawning
synchronicity has been documented for several minnow species (family Cyprinidae; Durham &
Wilde 2008, 2014).

Prior research on the lower Brazos River in Texas determined that spatial and temporal drift pat-
terns of larval fish were nonrandom. Comparison of larval fish catches between day and night
revealed the dominate reproductive guilds present in the lower Brazos River (substrate spawners,
pelagic broadcast spawners and adhesive broadcast spawners) exhibited higher drift densities at
night and in near shore areas (Williams 2011). Greater density of drifting larval fish at night is a gen-
eral phenomenon in rivers worldwide (Reeves & Galat 2010). Additionally, based on two years of
study, larval fish densities were higher during a wet year when daily mean flows were at the 94th per-
centile of historical daily mean average (during the first year, flow was at the 41st percentile). Wil-
liams’ (2011) findings, therefore, suggest that fish reproduction in the lower Brazos River conforms
to the flood pulse concept. The objective for this study were to examine patterns of larval fish abun-
dance in relation to environmental variables, particularly discharge, to infer mechanisms structuring
larval fish assemblages in the Brazos and Trinity rivers within the coastal plains of the northwestern
Gulf of Mexico.

Methods

Study locations

Surveys were conducted at one site on the lower Brazos River near State Highway 105 west of Navasota,
Brazos County, Texas (30" 21' 45.1" N, 96" 09' 16.8" W) and one site on the middle Trinity River near
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State Highway 7, west of Crockett, Leon County, Texas (31" 19' 08.6" N, 95" 40' 07.8" W; Figure 1).
Study sites were chosen based on presence of point sandbars that facilitated the setting of drift nets.

The Brazos River is the third largest river in Texas. Originating in New Mexico, the Brazos flows
southeast approximately 2736 km and discharges into the Gulf of Mexico at Freeport, Texas. The Bra-
zos River mainstem and tributaries have been altered by the construction of 16 reservoirs for flood
control and water supply (Brazos River Bay and Basin Expert Science Team [Brazos BBEST 2012]).
The lower Brazos River extends 330 km from Waco, Texas, to the Gulf of Mexico. This reach is
unimpounded, but flows are regulated by upstream and tributary dams. Historical discharge records
indicate that highest flows generally occur during winter and spring (Zeug & Winemiller 2008);
however, rainstorms can generate high flow pulses and overbanking flows during any month. The
Brazos River has high dissolved nutrient concentrations, moderate pH and high turbidity associated
with suspended fine sediments during and after periods of high discharge (Roach & Winemiller 2011).

The Trinity River is another large river in Texas characterized by high turbidity. The Trinity
River originates west of Fort Worth, Texas, and extends 563 km to the Gulf of Mexico (Phillips et al.
2004); its basin is approximately 47,000 km2 (Trinity and San Jacinto and Galveston Bay River Basin
and Bay Expert Science Team [Trinity BBEST 2009]). The Trinity has 31 reservoirs and numerous
water diversions for agricultural and municipal uses that have altered the flow regime (Trinity
BBEST 2009). Much like the Brazos, the Trinity has a hydrologic regime driven by relatively unpre-
dictable precipitation events.

Field surveys

From March 2013 to March 2014, larval fish surveys were generally conducted in each river every
other week (two surveys per month for each river) from March through October during the peak

Figure 1. Map showing Brazos and Trinity River survey sites. Upstream dots are locations of USGS gages; downstream dots are
survey sites.
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fish reproductive season, alternating weeks between the Brazos and Trinity rivers. The winter period
that is outside of the known reproductive season for most fish species (November!February) was
surveyed once per month at each site. Drift nets (rectangular opening 0.45 m wide by 0.30 m tall
and length of 1 m with 500 mm mesh) were placed on gently sloping sandbars at wadable depths
within current (Williams 2011). Three net arrays (each with three nets) were set in a straight line
perpendicular to the shoreline. Water depth (cm) and current velocity (m/s) were measured at the
center of each drift net opening at the beginning and end of each sampling interval using a meter
stick and Marsh-McBirney current velocity meter (Flo-Mate Model 2000, Frederick, MD, USA),
respectively. Drift net samples were standardized as catch-per-unit effort (CPUE) according to total
volume of water filtered. This volume was calculated as the product of mean current velocity in each
net (m/s), net area (m2; width £ height of the submerged portion of net) and duration of sampling
(s). Based on prior research on diel drift patterns of larval fish (Reeves & Galat 2010; Williams
2011), drift net surveys were conducted at night and near shore to exploit higher larval fish drift
densities. Drift net samples were collected every 2 h, with the first sample collected at 2000 h and
the last sample collected at 0200 h (yielding a total of 36 individual drift net samples on each date).
From November to February, sampling effort was reduced, with the last collections initiated at
2200 h (yielding a total of 18 individual drift net samples). After each 2-h interval, samples from
each drift net were washed into individual Whirl-Pak® bags containing 95% ethanol and then trans-
ported to the lab at Texas A&M for processing. Water temperature ("C) was measured on each date
at each survey site using a multi-parameter water quality sonde (Model 65, YSI Inc., http://www.ysi.
com) and water transparency (cm) was measured using a Secchi disk.

Streamflow data collection

Daily discharge data were obtained from the nearest upstream US Geological Survey (USGS)
streamflow gage. Discharge data for the Brazos River came from USGS 08108700 ‘Brazos Rv
at SH21 near Bryan, TX, USA’, and USGS 08065350 ‘Trinity Rv near Crockett, TX, USA’ was
used for the Trinity River. USGS 08108700 is located approximately 92 (river) km upstream of
our Brazos River site. USGS 08065350 is located approximately 4 (river) km upstream of our
Trinity River site. Maximum daily discharge values were used for the Brazos River. Maximum
daily discharge values were not provided for the Trinity River; therefore, mean daily discharge
values were used.

Laboratory methods

Larval fish were separated from other contents of the Whirl-Paks® and then counted and stored in
labeled vials in 70% ethanol. Larval fish were sorted by developmental stage prior to taxonomic iden-
tification. Identifications proceeded from the juvenile stage and progressed through successively ear-
lier stages. Developmental stages were categorized as protolarvae, mesolarvae, metalarvae or
juveniles based on characteristics reported by Snyder (1998). Our analyses focused on the earliest
stage, protolarvae, because this stage generally is only a few days old and best reflects spawning
events. Protolarvae are characterized by a complete absence of fin spines and rays as well as pelvic
fin buds (Snyder 1998). Larvae still maintaining their yolk sacs were counted with protolarvae
(Figure 2). To date, there are no published keys that enable species-level identification of protolarvae
of Cyprinidae from the southern United States. Since cyprinids were by far the most abundant taxon
in our samples, larval identification was carried to family level based primarily on Auer (1982),
Fuiman et al. (1983), and Snyder and Seal (2008). Very large drift net samples from one date at the
Trinity River required us to estimate total larval abundance based on subsamples. After 500
individuals had been identified at the family level, these counts were extrapolated to estimate total
abundances. In all other cases, individual larvae were identified and counted.
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Statistical analysis

Canonical correspondence analysis (CCA) was used to ordinate protolarvae samples based on tax-
onomic structure and environmental variables, and to evaluate associations between assemblage
structural and environmental gradients. Environmental variables included in this analysis were
total discharge, coefficient of variation (CV) of discharge (%), maximum increase of discharge
(%), maximum decrease of discharge (%), water temperature ("C) and water transparency (cm).
Total discharge, CV of discharge, maximum increase of discharge and maximum decrease of dis-
charge were calculated over a six-day period preceding the sampling date. A lag period of six days
was chosen as the interval most likely to produce protolarvae. Moore (1944) and Bottrell et al.
(1964) estimated that cyprinid eggs hatch in 1!2 days, and development of the gas bladder occurs
in about four days (Dudley & Platania 2007). Formation of the gas bladder enhances the larva’s
ability to move vertically and horizontally and, thereby, may influence entry into drift nets (Plata-
nia & Altenbach 1998). Total discharge was the total water volume passing the upstream gage sta-
tion during the six-day period. Each daily discharge cubic feet per second (cfs) value was
multiplied by 86,400 (number of seconds in one day), and these values were then summed across
the six-day interval to yield total discharge. Discharge CV was calculated by dividing the standard
deviation of the daily discharge during the six-day interval by the mean of the daily discharge dur-
ing the same period and multiplying by 100. This variable gives an indication of the variation in
discharge around the mean (i.e. rate of change), but does not indicate whether the overall trend
was increasing or decreasing. Maximum increase of discharge was the largest positive percent
change in maximum daily discharge relative to the previous day’s discharge during the six-day
interval. Similarly, the maximum decrease of discharge was the largest negative percent change in
maximum daily discharge relative to the previous day’s discharge during the six-day interval.
Water temperature and transparency were measured and recorded on each survey date. A Monte
Carlo permutation test (999 permutations) was used to determine statistical significance of envi-
ronmental variables and constrained ordination axes (p ! 0.05). For both rivers, sampling dates
from March through September 2013 plus one sampling date in March 2014 were included in the
CCA. Dates from October to February were excluded because of the rarity of protolarvae in drift
net samples. Only the first two canonical axes from the CCA (dominant axes) were interpreted.
Protolarvae abundance in drift net samples was standardized as CPUE (# protolarvae per 100 m3).
Prior to analysis, protolarvae CPUE values were log(x C 1) transformed, and rare families (present
in <10% of survey dates) were removed to reduce disproportionate effects of rare species (Legen-
dre & Legendre 1998). Multivariate ordinations and Monte Carlo permutation tests were per-
formed using the Vegan package in R (Oksanen et al. 2015).

Figure 2. Photos of bullhead minnow Pimephales vigilax hatched and reared in the laboratory. Yolk-sac larva is 5.4 mm and
protolarvae is 6.3 mm in total length. Photo credit and permission for use granted by: Chris Hemingson and Kevin Conway.
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Results

Brazos River larval fish assemblage

Within Brazos River drift net samples, 9767 protolarvae were identified from seven families, with
Cyprinidae the dominant taxon (7814 specimens; »80% of the total sample). The next most abun-
dant family was Centrarchidae (1011; »10%) followed by Clupeidae (800; »8%), and Catostomidae
(110; »1%). Atherinopsidae, Moronidae and Percidae were the other families represented in Brazos
drift net samples, with each accounting for <1% of the total catch.

Percid, catostomid, clupeid and moronid protolarvae were captured during early spring (begin-
ning 8 March 2013). Larvae from these families, as well as one centrarchid larva, were also present
in the 25 March 2014 sample. Protolarvae from these families were uncommon or absent from sam-
ples after May. Four atherinopsid protolarvae were present in the 20 April 2013 sample. Centrarchid
protolarvae were first captured in late April 2013, but most centrarchid protolarvae were captured
from July to September. Cyprinid protolarvae first appeared in the 29 March 2013 sample (absent in
the 25 March 2014 sample). On all but two survey dates (8 March 2013 and 25 March 2014), Cypri-
nidae was the most abundant taxon (Figure 3). CPUE of cyprinid protolarvae exhibited a bimodal
distribution with a spring peak in late April and early May, and a summer peak in late July and early
August. The first peak of cyprinid protolarvae occurred during a period of relatively stable flows
early in the reproductive season (20 April 2013 and 4 May 2013). Large magnitude flow pulses in
May and June were not associated with higher cyprinid CPUE, and 16 May and 10 June had some
of the lowest CPUE values. A peak in cyprinid protolarvae abundance occurred on 24 July 2013,
shortly after a pronounced flow pulse. Protolarvae CPUE was high during the two surveys following
24 July 2013, a period that had relatively stable flows (Figure 4).

Figure 3. Temporal distribution of protolarvae composition collected from the Brazos River between March 2013 and October
2013, plus an additional sampling date in March 2014. Total sample size for each month is as follows: March, n D 259; April,
n D 2211; May, n D 2561; June, n D 142; July, n D 1623; August, n D 2383; September, n D 587; October, n D 1.
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Trinity River larval fish assemblage

From Trinity River drift net samples, 10,119 protolarvae were identified from six families. Cyprinids
dominated the sample (9844 specimens; »97% of the total sample), followed by Percidae (215;
»2%). Catostomidae, Centrarchidae, Clupeidae and Ictaluridae each accounted for <1% of the total
sample.

Percid and catostomid protolarvae were the only taxa sampled on the first survey date, (11 March
2013). Percid, catostomid and clupeid protolarvae were most abundant in early spring samples. Four
ictalurid protolarvae were collected during May. Cyprinid protolarvae were not collected until 1 May
2013; however, only one date (6 April) was surveyed during the month of April in 2013. One cypri-
nid protolarvae and 90 percid protolarvae were captured on 20 March 2014. Cyprinid protolarvae
CPUE in the Trinity peaked on 18 August 2013. Except for sampling dates in March and April, Cyp-
rinidae was the most abundant taxon in each sample. Centrarchid protolarvae were not captured
until July and had a minor peak (19 specimens) on 18 August 2013 (Figure 5). From 21 July 2013 to
16 August 2013, the Trinity River was in either subsistence or base flow conditions, and a flow pulse
was initiated on 17 August 2013. Three smaller peaks occurred on 8 May, 14 June and 31 July, but
no pattern in cyprinid protolarvae CPUE was discernable in relation to hydrology during this period
(Figure 6).

Figure 4. Cyprinid protolarvae CPUE and Brazos River discharge. The black line represents maximum daily discharge values at
USGS streamflow gage 08108700, and bars represent CPUE (individuals/100 m3) of cyprinid protolarvae.
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Ordination of Brazos River protolarvae CPUE and environmental data

CCA axis 1 (CCA1) described a water temperature gradient, with low temperatures associated with
negative scores and higher temperatures represented by larger positive scores. CCA1 alone explained
76.2% of the variation in this plot. CCA2 explained an additional 16.9% of total variation, and
described a gradient associated with water transparency. CCA1 was the only statistically significant
axis (Monte Carlo permutation test, n D 999, F D 8.56, p D 0.002), and temperature was the only
environmental variable with a statistically significant relationship (Monte Carlo permutation test,
n D 999, F D 6.94, p D 0.004) with larval fish assemblage structure at the family level. The 8 March
2013 sample had a large negative loading on CCA1 (¡3.91) and a high positive loading on CCA2
(5.56). This outlier was not included in the ordination graph to allow better visualization of remain-
ing survey dates. The 8 March 2013 sample differed from nearly all other samples by having no cyp-
rinid protolarvae. Ordination of Brazos samples revealed three distinct groupings based largely on
seasons: early spring (March and April), early to mid-summer (4 May through 8 August) and late
summer (21 August through 18 September; Figure 7).

Catostomidae, Clupeidae, Moronidae and Percidae all had large negative loadings on CCA1, indi-
cating that protolarvae of these species were most abundant during early spring. Centrarchidae had
a high positive loading on CCA1 and CCA2, indicating that most centrarchid protolarvae were pro-
duced during summer. Percidae and Centrarchidae had large positive loadings on CCA2, indicating
that the protolarvae were collected on survey dates when discharge tended to be low, fluctuation in
discharge was low and water transparency was high. Cyprinid protolarvae were not strongly corre-
lated with either CCA1 or CCA2 (Figure 7), probably because cyprinid larvae were present in sam-
ples from late spring until mid-fall (Table 1).

Figure 5. Temporal distribution of protolarvae composition collected from the Trinity River between March 2013 and October
2013, plus an additional sampling date in March 2014. Total sample size for each month is as follows: March, n D 31; April, n D 88;
May, n D 2128; June, n D 716; July, n D 1308; August, n D 5635; September, n D 111; October, n D 13.
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Ordination of Trinity River protolarvae CPUE and environmental data

Ordination of samples on the first two axes from CCA for the Trinity dataset revealed a pattern sim-
ilar to that obtained for the Brazos. CCA1 (modeling 88.6% of total variation) reveals a general water
temperature gradient, with higher water temperatures represented by higher positive scores. Positive
scores on CCA2 were associated with greater transparency and higher temperature, and negative
scores on CCA2 were associated with greater declines in mean discharge (max decrease) and higher
discharge volumes. Both CCA1 and CCA2 were statistically significant axes (Monte Carlo permuta-
tion test, n D 999, F D 45.9, p D 0.001 and F D 3.8, p D 0.03, respectively); however, CCA2 only
explained an additional 7.2% of variation in the dataset. Temperature and discharge had statistically
significant relationships (Monte Carlo permutation test, n D 999, F D 32.3, p D 0.001 and F D 4.9,
pD 0.045, respectively) between larval fish family assemblage structure and environmental variables.

Like the Brazos larval fish assemblage, the Trinity assemblage revealed seasonal shifts in structure
(Figure 8). Species loadings on CCA axes indicate that Percidae and Catostomidae spawned during
spring when the water temperature was low. Clupeidae was less associated with low water tempera-
tures in the Trinity compared to the Brazos. Protolarvae CPUE data indicated that spawning by

Figure 6. Cyprinid protolarvae CPUE and Trinity River discharge. The black line represents mean daily discharge values (maximum
daily values were not accessible) at USGS streamflow gage 08065350, and bars represent CPUE (individuals/100 m3) of cyprinid
protolarvae.
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Figure 7. CCA ordination plot of Brazos River larval fish samples (protolarvae CPUE at the family level). Points are survey dates;
vectors depict loadings for environmental variables. 8 March 2013 was included in the analysis, but was not plotted on the
graph as explained in the text. Cat, Catostomidae; Cen, Centrarchidae; Clu, Clupeidae; Cyp, Cyprinidae; Mor, Moronidae; Per,
Percidae.

Table 1. Summary statistics for axes 1 and 2 of CCA with the Brazos River dataset.
CCA1 CCA2

Brazos River protolarvae CCA
Eigenvalue 0.456 0.101
Proportion explained 0.762 0.169
Cumulative proportion 0.762 0.931
Species scores
Catostomidae ¡1.250 0.186
Centrarchidae 0.636 0.560
Clupeidae ¡1.228 ¡0.002
Cyprinidae 0.219 ¡0.214
Moronidae ¡1.825 0.553
Percidae ¡2.088 0.790
Constraining variables
Discharge ¡0.058 ¡0.239
Rate of change ¡0.110 ¡0.447
Temperature 0.921 0.158
Transparency 0.542 0.772
Max increase ¡0.384 ¡0.021
Max decrease ¡0.258 ¡0.473
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Clupeidae was confined to early spring. Centrarchidae had the highest positive scores on CCA1 and
CCA2, indicating that peak centrarchid spawning was during the middle and latter parts of summer
when water turbidity was low. Cyprinid larvae in the Trinity River were not strongly associated with
either CCA axis because, similar to the Brazos findings, cyprinid protolarvae generally were abun-
dant throughout the year (Figure 8). Clupeidae and Ictaluridae had negative scores on CCA2, indi-
cating that their protolarvae were most abundant when discharge was high and declining (i.e.
descending limb of a flow pulse). Larvae of these two families were not captured after May in 2013
(Table 2).

Discussion

Drift net surveys conducted over a full year captured fish protolarvae from seven families in the Bra-
zos River and six families in the Trinity River. Cyprinid larvae comprised 80% and 97% of the collec-
tive samples from the Brazos and Trinity, respectively, and small cyprinids constituted over 94% of
the collective sample from seine surveys conducted from littoral habitats on each survey date at
each survey site. Other fish families revealed greater between-river variation in relative abundance.
Trinity samples tended to have more percid larvae and fewer clupeid and centrarchid larvae than
Brazos samples. Total catches of centrarchid protolarvae were higher in the Brazos, probably due to

Figure 8. CCA ordination plot of Trinity River larval fish samples (protolarvae CPUE at the family level). Points are survey dates; vec-
tors depict loadings for environmental variables. Cat, Catostomidae; Cen, Centrarchidae; Clu, Clupeidae; Cyp, Cyprinidae; Ict, Ictalur-
idae; Per, Percidae.
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low flows during summer 2013 that led to uncharacteristically clear water and abundant macrophyte
growth, which are conducive to centrarchid nesting, brood care and recruitment.

Analysis of larval abundance at the family level compromised our ability to infer spawning
dynamics of species classified as fluvial specialists, those with reproductive activity strongly associ-
ated with flow pulses. Species-rich families, such as Cyprinidae, probably were represented by fishes
with divergent reproductive tactics. Several cyprinid species found in both the Brazos and Trinity
rivers belong to a reproductive guild that broadcast spawns non-adhesive, semi-buoyant eggs within
the water column. Many species in this guild have experienced population and range reductions in
rivers of the Great Plains and arid southwest due to habitat fragmentation, alteration of the natural
flow regimes and water withdrawals (Luttrell et al. 1999; Bonner & Wilde 2000; Hoagstrom et al.
2011; Perkin & Gido 2011). Because we were unable to identify protolarvae to species, it was not
possible to discern whether or not flow pulses were associated with synchronized spawning by flu-
vial specialist cyprinids as reported for species in the upper Brazos River based on study of adult
reproductive ecology (Durham & Wilde 2008, 2014). As taxonomic research on early life stages
advances in the future, species-level identification should reveal interspecific variation in cyprinid
protolarvae abundance in relation to discharge.

Life history variation within Cyprinidae probably yields differential responses to environmental
conditions and success of spawning and recruitment. For example, red shiner (Cyprinella lutrensis)
probably conforms to the low flow hypothesis, whereas, Macrhybopsis spp. (reported members of
the broadcast spawning guild) should conform to the flood pulse hypothesis (Platania & Altenbach
1998; Durham & Wilde 2006; Wilde & Durham 2008). Our samples of cyprinid protolarvae proba-
bly were dominated by red shiner and bullhead minnow (Pimephales vigilax), two extremely com-
mon minnows that are not members of the reproductive guild that relies on flow pulses for
successful recruitment. Red shiner and bullhead minnow together accounted for 88% and 78% of
juvenile and adult fishes captured with seines from littoral habitats in the Brazos and Trinity River.
Both species possess demersal, adhesive eggs that are deposited in crevices (Holland-Bartels et al.
1990; Durham & Wilde 2006). This reproductive strategy is well suited for early life stage survival
under low flow or stable-flow conditions; therefore, a positive relationship between increased or
fluctuating discharge and reproductive effort would not be expected for these species (Platania &
Altenbach 1998; Durham & Wilde 2006). Although data for later larval stages are not reported here,
we note that metalarval and juvenile cyprinids in drift net samples were very abundant on 18 August
2013 in the Trinity River. This survey date also had the highest CPUE of cyprinid protolarvae. High
abundance of different developmental stages on the same date indicates sequential bouts of

Table 2. Summary statistics for axes 1 and 2 of CCA with the Trinity River dataset.
CCA1 CCA2

Trinity River protolarvae CCA
Eigenvalue 0.806 0.066
Proportion explained 0.886 0.073
Cumulative proportion 0.886 0.959
Species scores
Catostomidae ¡0.227 ¡0.601
Centrarchidae 0.392 0.745
Clupeidae 0.149 ¡2.298
Cyprinidae 0.327 0.014
Ictaluridae 0.031 ¡0.890
Percidae ¡2.503 0.025
Constraining variables
Discharge ¡0.261 ¡0.736
Rate of change ¡0.278 ¡0.139
Temperature 0.886 0.191
Transparency 0.351 0.280
Max increase ¡0.382 ¡0.153
Max decrease 0.016 ¡0.862
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reproduction and high larval survival during preceding weeks. The hydrograph preceding this sur-
vey date was characterized by prolonged subsistence and base flow conditions.

Temporal patterns of centrarchid larval abundance conformed with the low flow hypothesis
(Schlosser 1985). Centrarchid protolarvae CPUE was positively correlated with water temperature
and transparency, conditions observed in both rivers during late summer when flows were low. In
contrast, other families, such as Percidae (e.g. Percina and Etheostoma spp.), apparently spawned
under a wide range of hydrological conditions, but were strongly seasonal (abundance correlated
with water temperature).

Prior research on the lower Brazos River (Williams 2011) documented greater densities of drift-
ing larval fish during a wet year with elevated discharge compared to a dry year with low flows. This
finding suggests that fishes of Texas Gulf Coast rivers conform to the flood pulse concept, whereby,
greater discharge yields greater fish recruitment (Junk et al. 1989). However, the wet year had higher
densities of metalarvae and juveniles, and densities of protolarvae and mesolarvae were similar
between years. Williams’ (2011) finding suggests that higher discharge does not have a large influ-
ence on spawning activity, but it may contribute to higher larval survival rates. Neither the low flow
nor flood pulse hypothesis can entirely explain the relationship between discharge and protolarvae
abundance in the Brazos and Trinity rivers, because these rivers have fish species with divergent life
history strategies.

At both study sites, water temperature was statistically significant in explaining temporal and tax-
onomic variation in larval fish assemblage structure. In the CCA, water temperature alone explained
38% and 61% of variation defined by relationships between larval fish assemblages and environmen-
tal gradients in the Brazos and Trinity, respectively. This suggests that seasonality is the primary fac-
tor influencing spawning activity, with temperature or day length serving as a reliable indicator of
seasons in this region (Fuiman et al. 1983; Holland-Bartels et al. 1990). Whereas centrarchid proto-
larvae were most abundant during late summer, a few specimens were captured earlier in the repro-
ductive season. This may be explained by seasonal variations within the Centrarchidae family.
Largemouth bass (Micropterus salmoides), spotted bass (Micropterus punctulatus) and orangespot-
ted sunfish (Lepomis humilis) are reported to spawn as early as April (Holland-Bartels et al. 1990;
Wallus & Simon 2008). Green sunfish (Lepomis cyanellus), bluegill sunfish (Lepomis macrochirus),
white crappie (Pomoxis annularis) and longear sunfish (Lepomis megalotis) are reported to spawn
later in the spring and during early summer (Holland-Bartels et al. 1990; Wallus & Simon 2008).
Small cyprinids are known to have extended reproductive seasons, and this was confirmed by abun-
dant protolarvae from spring until fall.

Larval fish assemblage structure in the Brazos River was not significantly associated with any of
the hydrological variables entered in the CCA; however, in the Trinity River, discharge was signifi-
cantly associated with larval fish assemblage structure, albeit to a lesser degree than water tempera-
ture (discharge, by itself, explained 9% of the variation in the Trinity dataset, and water temperature
explained 61%). This difference could be due to the fact that the Trinity experienced higher flows,
especially during spring which coincided with spawning by percids and certain species from other
families. Centrarchids spawned during summer when water temperatures were high and discharge
generally was low. We hypothesize that much like the pattern found in the Brazos, seasonality is the
principal mechanism determining larval fish assemblage structure at the family level in the Trinity
River. However, species-level surveys across multiple years with varying hydrological conditions
would be required to elucidate relationships between spawning activity and hydrology. Unfortu-
nately, the basis for species-level identification of protolarvae is lacking for most Gulf Coast fishes.
For the time being, species-level studies of spawning phenology will have to rely on analysis of
gonad developmental stages, oocytes and juvenile otoliths to estimate hatch dates (e.g. Durham &
Wilde 2006, 2008, 2014). Nonetheless, patterns of protolarval abundance in the Brazos and Trinity
rivers reveal strong seasonal patterns and a potential influence of hydrology on certain taxa, provid-
ing a foundation for future research on fish population dynamics in Gulf Coast rivers.
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