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Introduction: The effects of flow regimes on the ability of invasive species to
establish and maintain populations in the ridge to reef (R2R) systems common to
oceanic islands is not well understood. The hydrology of the relatively short, high-
gradient, and flashy R2R streams of oceanic islands may be extremely different
from that of the continental watersheds invasive species originate from and thus
may exert a stronger influence on their ecology. Our objective was to evaluate the
effects of annual variability in flow conditions on the growth and recruitment of
invasive armored Suckermouth Catfish Hypostomus c.f. watwata in
Hawaiian streams.

Methods: Suckermouth Catfish were captured from three streams of the Ala Wai
Watershed on O'ahu. We then measured, weighed, and extracted the lapilli from
each fish. We used back-calculated lengths at age to estimate the effects of
interannual variability in flow on growth and recruitment.

Results: Individuals ranged from 0-16 years old and grew rapidly in their first
3 years after which growth slowed substantially. The growth of Suckermouth
Catfish was positively influenced by flow conditions indicative of wetter years and
more stable flow and negatively influenced by flow conditions indicative of drier
years and more variable flows. However, the specific annual flow metrics most
strongly influencing growth varied by stream. Similarly, recruitment was positively
influenced by higher winter flows with lower daily variability.

Discussion: The observed effects of flow on Suckermouth Catfish growth and
recruitment suggests that they are not particularly well suited for the flow
conditions characteristic to R2R systems and that anthropogenic alterations to
the hydrology and physical in-stream habitats may have enabled the species to be
more successful on O'ahu than it would have been otherwise.
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Introduction

Alteration of flow regimes due to anthropogenic climate change
has the potential to fundamentally change the ecological state of
watersheds worldwide. Shifts in watershed flow regimes alter nutrient
and sediment transport, species composition and abundance
patterns, and ecological and cultural services (Palmer et al., 2009).
While these effects are reasonably well understood in continental
sub-basins, there has been little effort to examine the effects of flow
regime alteration at the scale of the entire watershed, typical of ridge-
to-reef (R2R) systems, such as the Pacific Islands (except see Wiegner
etal., 2009). This is problematic since these systems harbor relatively
high levels of biodiversity and endemic species; serve as important
conduits of nutrient delivery to sensitive coastal environments; and
are culturally and economically important to adjacent communities.
For example, the State Wildlife Action Plan (Hawai’i Department of
Land and Natural Resources, 2015) for Hawaiian stream fishes
identifies habitat degradation associated with altered stream flows
as a primary threat to native fishes. Further, coral reef management in
Hawai’i is transitioning to R2R models to mitigate nutrient transport
to nearshore waters such as seen in West Maui (Oleson et al., 2017).
In Hawai’i, R2R watersheds support a suite of endemic (Chace, 1983;
McDowall, 2003; Lindstrom et al., 2012; Christensen et al., 2021;
Mathews et al., 2025) and culturally important (Titcomb and Pukui,
1972; Costa-Pierce, 1987; Maly and Maly, 2003; Winter et al., 2018)
amphidromous gobies, shrimp, and snails; however, there are
concerns that shifting hydrologic patterns and invasive species
(Fitzsimons et al., 1997; Brasher et al.,, 2006; Layhee et al., 2014;
Moody et al., 2021; Hain et al., 2019) will undermine the capacity for
these watersheds to support their endemic fauna as seen in other
systems (Sergeant et al., 2017; 2020). This could occur by altering
stream thermal regimes, food availability or nutrient export to coastal
ecosystems.

Recruitment, growth, and mortality are the three primary factors
that determine the size and structure of fish populations. These
primary factors interact with each other and are influenced by
environmental conditions, such as temperature and flow regime.
Predicting and modeling population responses to climate and
landscape perturbation is therefore dependent on accounting for
these environmental influences. In more typical systems, flow
regime alterations can result in reduced growth rates and
recruitment of native specialist species and favor the growth and
recruitment of non-native generalists (Alexandre et al, 2013).
However, understanding the influence of flow regimes and other
environmental factors on fish population dynamics has relevance
beyond the conservation and management of fish populations.
Changes in a fish assemblage and growth of a fish population
size can locally influence the retention and transport of nutrients
in typical watersheds (Capps and Flecker, 2013; Rubio et al., 2016).

We examined the relationships between annual flow metrics and
the growth and recruitment of an introduced armored suckermouth
catfish, or loricariid, species, Suckermouth Catfish Hypostomus c.f.
watwata in Hawaiian streams. Loracariids are native to South
America, but various species have been widely introduced
throughout North America and Asia, largely due to aquarium
releases. Once established, Suckermouth Catfish can disrupt the
nutrient dynamics of the receiving waterbody due to their ability to
sustain large populations that tend to congregate during daylight
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hours (Capps and Flecker, 2013; Rubio et al.,, 2016). Further, as part
of their spawning activity, the species creates burrows into the
stream bank, which destabilizes them and leads to changes in
sediment load and inputs of terrestrial material (Hoover et al,
2004; Nico et al, 2009). In Hawai’i, Suckermouth Catfish were
originally found in the lower reaches of Manoa Stream on O’ahu in
the 1980s and have since become established in numerous
watersheds on the island (Sabaj and Englund, 1999; Yamamoto
and Tagawa, 2000) where they may comprise a significant
proportion of the biomass. Sabaj and Englund (1999) identified
the individuals on O’ahu as likely belonging to the H. watwata group
based on coloration patterns and morphology; however, there
remains considerable uncertainty as to the exact identity of the
Hypostomus species in Hawaiian streams. Regardless, Suckermouth
Catfish is regularly targeted in removal events and generally
captured in large numbers. Therefore, our objective was to
evaluate the effects of annual variability in flow conditions on the
growth and recruitment of invasive loricariid armored catfish in
Hawaiian streams.

Methods
Study area

Makiki, Manoa, and Palolo valleys comprise the highly
urbanized Ala Wai Watershed (Figure 1). The Ala Wai
Watershed is one of the most densely populated areas in Hawai’i
with about 200,000 residents within a total land area of only
42.2 km®. Roughly one-third of the upper headwater regions are
forested, while the remainder is moderately to heavily urbanized,
consisting of residential and commercial neighborhoods. Of the
three streams, Manoa is the least modified with its channel widened
and banks earthen-shaped or hardened with concrete walls only in
the middle and lower reaches, whereas Palolo and Makiki have been
heavily modified for flood control throughout their runs. There are a
total of six U.S. Geological Survey (USGS) stream gauges within Ala
Wai Watershed with more than 10 years of hourly to daily stream
records. We adopted the Hydrological Index Tool (Olden and Poff,
2003; Poff, 1996) to calculate hydrologic metrics to describe seasonal
and annual flow characteristics of stream reaches representing five
flow regimes, including magnitude, frequency, duration, timing, and
rate of change (Poff et al., 1997) The selected study area is of interest
to local community groups who are restoring this watershed to
mitigate the altered stream ecosystem, as well as better care for and
understand the waterways in facing the anticipated flood risks.
Further, these streams are of interest to the Hawai’i Department
of Land and Natural Resources - Division of Aquatic Resources
because of the high levels of invasive species present in these streams
that threaten populations of imperiled endemic stream fishes.

Sample collection

To evaluate the effect of annual hydrograph characteristics (Poff
et al., 1997; Clilverd et al., 2019) on the relative year class strength
and growth rates of Suckermouth Catfish, we collected fish from
Makiki, Manoa, and Palolo Streams in the Ala Wai Watershed on
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FIGURE 1

Map of the Ala Wai Watershed on the island of O’ahu, Hawai'i showing locations in Manoa, Makiki, and Palolo Streams where Suckermouth Catfish
Hypostomus c.f. watwata were collected during 2022-2023. The locations of the stream gages that provided the discharge data used in this study are also
indicated. Imagery from Google Earth and represents a composite of data from Esri, DigitalGlobe, GeoEye, Earthstar Geographics, NES Airbus DS, USDA,
USGA, AeroGRID, IGN, and the GIS User Community.

FIGURE 2

Photograph of thin cross section of the lapillus of a Suckermouth Catfish Hypostomus c.f. watwata captured from the Ala Wai Watershed on O’ahu,
Hawai'i during sampling conducted on 11 May 2022. This fish was 170 mm total length and estimated to be 4 years old. Presumed annuli are indicated
by circles.
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FIGURE 3

Annual hydrographs illustrating the 95% confidence interval around the mean daily discharge in Makiki [(A) USGS gage 16238000], Manoa [(B) USGS
gage 16241600], and Palolo Streams [(C) USGS gage 16247100] in the Ala Wai Watershed on O’ahu, Hawai'i during 2010—-2022. All stream gage data taken

from U.S. Geological Survey (2022).

O’ahu. Capture efforts were conducted in collaboration with an
ongoing outreach effort, Pa'épa‘® o Waikolu, housed at ‘Tolani
School’s Department of Community Science that develops and
implements classroom curriculum and field protocols for use in
K-12 public and private schools in the Honolulu area emphasizing
environmental awareness of freshwater stream ecosystems.
Suckermouth Catfish were captured during invasive species

removal events conducted by grades K-12 school children under

Frontiers in Environmental Science

the supervision of Pa‘épa’¢ o Waikolu personnel (C. Yap, A.
Charuk), Students
positioned at the downstream end of a survey reach, each with a

teachers, and project personnel. were
0.92 x 1.22 m pushnet with 0.48-cm mesh, referred to as ‘Opae nets
in Hawaiian. Students were positioned next to each other to create a
barrier with their ‘Opae nets. Teams of students would then enter the
water approximately 15 m upstream of the barrier with weighted

seines and drive fish into the downstream barriers.
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Biplots of the first five principal components (PC) calculated from hydroecological statistics of stream flow describing the annual flow regime in
Makiki, Manoa, and Palolo Streams in the Ala Wai Watershed on O'ahu, Hawai'i during 2010-2022 (A: PC2 vs PC1; B: PC3 vs PC1; C: PC4 vs PC1; D: PC5vs
PC1). The hydroecological statistics for each principal component can be found in Table 1.

Captured Suckermouth Catfish were euthanized in a >400 mg/L
aqueous solution of clove oil (eugenol; AVMA, 2020), measured to
the nearest mm total length (TL) and weighed to the nearest 1 g.
Sagittal and lapillar otoliths were extracted and stored dry prior to
being prepared as described in Long and Grabowski (2017). Otoliths
were embedded in epoxy and a 0.5-mm transverse section, inclusive
of the nucleus, was removed using a low-speed isometric saw
(Beuhler, Lake Bluff, Illinois). The resulting sections were
with  CrystalBond
thermoplastic cement (Aremco Products Inc., Valley Cottage,

mounted onto glass microscope slides
New York) and wet sanded with increasingly fine grit sandpaper
until the nucleus was exposed. The section was then flipped over and
polished similarly on the other side. The polished section was then
photographed using a compound light microscope equipped with a
14-megapixel digital camera. The age of each individual was
determined by counting annuli and the radius of the otolith at
each annuli (Figure 2) and the total radius were measured using Fiji

v 2.14 (Schindelin et al., 2012).

Data analysis

Back-calculated lengths at age were estimated using the direct
proportion method (Francis, 1990; Shoup and Michaletz, 2017)

TL, = TLC<§—Z> (1)

Equation 1:

Frontiers in Environmental Science

where TL, is the back-calculated length at time ¢, TL, is the total
length at capture, R, is the otolith radius at capture, and R, is the
otolith radius at time .

A Von Bertalanffy growth function (VBGF) was fitted to the
back-calculated length at age data using a single level hierarchical
nonlinear model to account for the lack of independence associated
with back-calculation (Ogle et al., 2017). The VBGF is typically
formulated as shown in Equation 2:

L = Lo (1-e+) )

where L, is length at time t, Ly, is the average asymptotic length of
the population, k is the growth coefficient, and f, is the theoretical
time when length is zero. The resulting VBGF was used to generate
predicted TL at age to calculate a relative growth index (RGI; Quist
et al., 2003) value for each back-calculated length at age as shown in
Equation 3:

_(bcTL, - pTL,
RGI = (T) x 100 (3)

where pTL, and bcTL, are the predicted and back-calculated TL at
time t respectively. The RGI values were then used as the response
variable to assess the effect of annual flow characteristics on growth
(Jacquemin et al, 2015; Groeschel-Taylor et al., 2020) as
described below.

A catch-curve based method was used to assess mortality
(Miranda and Bettoli, 2007). An age-length key was generated
using the age estimates collected as described above and used to
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TABLE 1 Eigenvalues of the first five principal components calculated from hydroecological statistics of stream flow describing the annual flow regime in
Makiki, Manoa, and Palolo Streams in the Ala Wai Watershed on O’ahu, Hawai'i during 2010-2022.

Flow regime component Variable PC1 PC 2 PC 3 PC 4 PC5
Eigenvector 284 18.0 10.4 5.7 44
Proportion of variance explained 0.28 0.18 0.10 0.06 0.04
Magnificent Amplitude 0.03 -0.01 -0.05 0.23 -0.20
Seven Autoregressive lag-one correlation coefficient 0.03 0.03 0.00 0.17 0.20
Phase 0.01 0.03 -0.02 0.13 -0.15
Duration Annual minimum daily flow 0.16 0.06 0.09 0.01 -0.02
Annual minimum daily flow/Median of entire record 0.07 -0.12 0.21 0.04 0.05
Low (75%) exceedance flows 0.04 —-0.12 0.22 —-0.05 0.07
Low (90%) exceedance flows 0.06 -0.13 0.21 -0.01 0.06
Low flow pulse duration -0.05 0.01 -0.02 0.18 -0.01
Frequency Low flow pulse count 0.07 -0.02 0.06 -0.21 0.01
Magnitude Mean monthly flow - January 0.08 0.06 0.10 -0.10 -0.17
(Mean) Mean monthly flow - February 0.11 0.09 0.01 -0.15 —-0.18
Mean monthly flow - March 0.07 0.07 0.10 -0.16 0.10
Mean monthly flow - July 0.12 0.12 -0.02 0.07 0.15
Mean monthly flow - August 0.10 0.12 -0.01 0.17 0.11
Mean monthly flow - September 0.12 0.10 -0.01 0.12 -0.17
C.V. of monthly flows - February -0.01 0.05 -0.11 -0.26 -0.03
C.V. of monthly flows - March -0.05 0.04 -0.03 -0.22 0.16
C.V. of monthly flows - June -0.01 0.06 -0.08 0.11 0.18
C.V. of monthly flows - November -0.01 0.05 -0.05 -0.12 0.21
C.V. of monthly flows - December -0.06 0.09 0.07 -0.12 0.17
Variability across monthly flows (max - min/median) -0.11 0.09 0.19 0.09 -0.06
Variability across monthly flows (Q90 - Q10/median) -0.11 0.10 0.18 0.09 —-0.06
Median of daily mean flows 0.16 0.11 0.03 0.01 -0.02
Skewness in monthly flows -0.10 0.10 0.18 0.11 -0.07
Range in daily flows, ratio of Q10 to Q90 -0.08 0.14 -0.17 0.01 -0.01
Range in daily flows, ratio of Q20 to Q80 -0.07 0.14 -0.18 0.01 -0.03
Range in daily flows, ratio of Q25 to Q75 —-0.06 0.15 -0.18 0.02 —0.04
Coefficient of daily variation -0.12 0.18 0.01 -0.02 0.01
Skewness of daily flows -0.11 0.08 0.17 -0.06 0.08
Kurtosis of monthly flows -0.11 0.05 0.18 -0.06 0.08
Magnitude Mean maximum flow - January 0.04 0.06 0.12 —-0.10 -0.15
(Maximum) Mean maximum flow - February 0.09 0.09 —-0.01 -0.18 -0.16
Mean maximum flow - March 0.05 0.07 0.09 -0.17 0.15
Mean maximum flow - July 0.08 0.10 -0.03 0.19 0.13
Mean maximum flow - October 0.09 0.10 -0.01 0.03 -0.20

(Continued on following page)
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TABLE 1 (Continued) Eigenvalues of the first five principal components calculated from hydroecological statistics of stream flow describing the annual flow
regime in Makiki, Manoa, and Palolo Streams in the Ala Wai Watershed on O’ahu, Hawai'i during 2010-2022.

Flow regime component Variable PC1 PC 2 PC 3 PC 4 PC5
C.V. of maximum flows -0.10 0.05 0.17 0.03 -0.08
High flow index, 10% exceedance -0.08 0.17 —-0.03 0.01 0.00
High flow index, 25% exceedance -0.06 0.17 -0.11 -0.03 -0.03
High flow volume, mean volume of flows > 3X median -0.11 0.09 0.17 0.07 -0.03
High flow volume, mean volume of flows > 7X median -0.12 0.09 0.18 0.06 0.00
High peak flow -0.12 0.09 0.16 0.03 -0.02

Magnitude Mean minimum flow - January 0.14 0.05 0.06 -0.02 -0.19

(Minimum) Mean minimum flow - February 0.15 0.06 0.05 —-0.06 -0.17
Mean minimum flow - April 0.15 0.08 0.06 -0.09 0.03
Mean minimum flow - May 0.16 0.09 0.05 -0.06 0.04
Mean minimum flow - June 0.16 0.09 0.04 0.02 0.02
Mean minimum flow - July 0.15 0.10 0.03 0.04 0.09
Mean minimum flow - September 0.13 0.10 0.01 0.15 0.07
Mean minimum flow - November 0.13 0.08 0.01 0.16 -0.09
Mean minimum flow - December 0.15 0.08 0.05 0.02 -0.16
Annual minimum flow 0.07 -0.12 0.21 0.04 0.05
Low flow index, ratio of annual minimum to median 0.09 -0.17 0.11 0.04 0.03
Median of annual minimum flows 0.07 -0.12 0.21 0.04 0.05
Base flow, based on 7 day moving average 0.10 -0.16 0.11 0.02 0.03
Base flow, ratio of minimum annual flow to mean annual flow 0.09 -0.17 0.11 0.04 0.03
Base flow, based on 5 day minimum flows 0.08 -0.18 0.02 0.08 —-0.08
Phase 0.01 0.03 -0.02 0.13 -0.15

Bold values highlight coefficients > |0.15].

TABLE 2 Mean (+SE) and range of total length (TL), weight (W), age and length-weight relationship parameters estimates (a, b) of Suckermouth Catfish
Hypostomous c.f. watwata captured from Makiki, Manoa, and Palolo Streams in the Ala Wai Watershed on O’ahu, Hawai'i during 2022—-2023.

Stream n  Mean (+SE) TL (mm) Range TL (mm) Mean (+SE) W (g) Range W (g) a (+SE)
Makiki 47 209 + 9 137-339 112+ 13 5-440 0.000005 + 0.000002 | 3.12 + 0.08
Manoa 102 138 +5 76-335 313 2-140 0.000011 + 0.000009 | 2.95 + 0.16
Pilolo 85 249+ 5 154-359 162+9 30-435 0.000014 + 0.000004 = 2.93 + 0.05
Overall 234 195 + 4 60-359 97+ 6 2-440 0.000007 + 0.000002 | 3.05 + 0.04

The length-weight relationships were fitted to the function: W = a - L’ where a and b are species and population-specific constants.

generate age-frequency distributions for the sampled populations
of Suckermouth Catfish (Isely and Grabowski, 2007). These
distributions were used to generate catch curves for each
sampled population, and the residuals of each cohort from a
regression fitted to the descending leg of these catch curves was
used as an index of recruitment to compare the relative strength of

cohorts within each sampled population (Maceina, 1997;
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Isermann et al., 2002; Maceina, 2003) relative to annual flow
characteristics as described below.

Streamflow data were acquired from the six USGS
gages within the Ala Wai Watershed with continuous
records in the period of 2007-2023 (Figure 1). We adopted
EflowStats (https://github.com/DOI-USGS/EflowStats), an R
package by USGS, to reimplement the Hydrologic Index Tool
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FIGURE 5

Length-weight relationship of Suckermouth Catfish Hypostomus

c.f. watwata captured from Makiki, Manoa, and Palolo Streams in the
Ala Wai Watershed on O'ahu, Hawai'i during 2022-2023. The
presented curves use the function: with parameter estimates

(+SE) differing between Makiki (a = 0.000005 + 0.000002, b = 3.12 +
0.08), Manoa (a = 0.000011 + 0.000009, b = 2.95 + 0.16), and Palolo
(@ = 0.000014 + 0.000004, b = 2.93 + 0.05) Streams (Fg 31 = 2.25;
P < 0.01).

(HIT; Henriksen et al., 2006) for calculating 171 biological
relevant hydrologic indices; additionally, EflowStats added-
calculates 7 statistics used for streamflow classification
referred to as the “Magnificent Seven” (MAG7, Archfield
et al.,, 2013). A principal components analysis was performed
on the resulting output of annual flow metrics for each station to
produce summary variables describing flow conditions
(Jacquemin et al., 2015). The influence of flow regime was
evaluated on growth rate using a repeated-measures mixed-
model ANCOVA using the RGI or relative recruitment values
as the dependent variable and using the individuals as a

subject effect.

FIGURE 6

10.3389/fenvs.2026.1754403

Results

Annual flow regimes during 2010-2022 in Makiki Stream
tended to be markedly different from those in Manoa and Palolo
Streams despite considerable interannual variability in their annual
flow regimes and despite flows being generally greater overall in
Manoa Stream (Figure 3). Annual flow regimes in the three streams
tended to fall within a similar range of conditions (Figure 4). Five
principal components accounted for approximately 66% of the
variability in annual flow regime across years and streams. The
first principal component (eigenvalue: 28.4, proportion of variance
explained: 0.28) primarily separated Makiki Stream from Manoa
and Palolo Streams (Figure 4) and was primarily defined by
minimum daily flow, median daily flow, and the mean minimum
flow for February and April-July (Table 1). The remaining four
principal components collectively explained an additional 38% of
the variance and encompassed variables related to flow magnitudes,
and to a lesser extent, frequency and duration. None of the
hydroecological indices related to the timing of flow events
meaningfully contributed to the principal components. However,
the minimum flow for February indicates the lower flow during a
wet month, and the minimum flow between April to July indicates
the low flow during the dry season.

A total of 234 Suckermouth Catfish were captured from Manoa,
Makiki, and Palolo Streams during 15 sampling events conducted
during 2022-2023 (Table 2). The overall mean (+SE) TL of the
collected fish was 195 + 4 mm (range: 60-359 mm) and the overall
mean weight was 97 + 6 g (range: 2-440 g). The samples of
Suckermouth Catfish captured from Palolo consisted of larger,
heavier, and older individuals than the samples from Makiki and
Manoa (F, 115 > 44.90, P < 0.01; Table 2). Similarly, individuals
captured from Makiki were larger, heavier, and older than those
from Manoa (F, ;5 > 44.90, P < 0.01; Table 2). The length-weight
relationships of Suckermouth Catfish in the Ala Wai Watershed
exhibited a similar pattern of variability, with individuals being
captured from Manoa Stream weighing less than individuals of the

Length-frequency [n = 234; (A)] and age-frequency [n = 137; (B)] distributions of Suckermouth Catfish Hypostomus c.f. watwata captured from
Makiki, Manoa, and Palolo Streams in the Ala Wai Watershed on O'ahu, Hawai'i during 2022-2023.
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TABLE 3 Mean (+SE) back calculated total length (TL) and growth by age and cohort of Suckermouth Catfish Hypostomus c.f. watwata captured from Makiki, Manoa, and Palolo Streams in the Ala Wai Watershed on
O’ahu, Hawai'i during 2022-2023.

Age class  Cohort

Mean back-calculated TL (mm) at age

‘e 12 psmoqein

22U312S 1ejUBWILOAIAUT Ul SI913UOIS

60

610 uIsIa U0y

V4 8 9 10

XVI 2006 3 94+ 13 123 £ 12 143 + 10 161 + 9 176 £ 9 188 £ 11 198 +£12 207 +13 218+ 11 231 +12 242 + 8 253+ 7 266+5 | 273+£6  283+£5  292+4
XV 2007 1 93 122 136 152 161 179 193 203 217 234 250 269 277 297 307
X1V 2008 1 80 104 121 138 154 168 179 187 197 205 213 226 238 246
XIIT 2009 0 — — — — — — — — — — — — —

XII 2010 3 103 +16 139+ 15 158 + 14 17716 | 194+17 206 +16 223 +15 239+16 250 +18  262+19 280 +23 280 +23

XI 2011 2 104 + 10 129 + 14 147 £ 19 163 + 18 180 + 18 194+19  205+20 22119 232+16 242+16 251 +15

X 2012 7 96 + 5 130 £ 7 154 £ 6 171 £ 6 189 £ 6 206 +7 222+ 8 234+ 10 | 247 £ 11 @ 256 £ 12

IX 2013 8 93 +7 122+ 7 145+ 7 164 + 8 180 £ 8 192 £ 8 205+ 8 217 +9 231 £10
VIII 2014 13 93 + 4 124 £ 5 150 £ 6 168 + 7 183 £ 7 199 £ 8 210 + 8 221+9

VII 2015 15 90 + 4 121 £ 4 144 £ 5 162 £ 5 179 £ 5 191 £5 203 +6

VI 2016 11 93+6 119 + 6 138 + 4 155 + 4 168 + 4 179 £ 5

\% 2017 6 84+ 8 118 £ 5 139 + 4 154+ 3 167+ 3

v 2018 2 105+ 6 128 £ 5 141 £ 3 160 + 1

1T 2019 6 92+ 4 121 + 4 140 £ 5

11 2020 8 88 + 4 122 £ 2

I 2021 28 87 £2

Mean TL (mm) at age 91 +1 123 £ 2 145+ 2 162 + 2 178 £ 2 193 £ 3 208 + 3 222 + 4 234+ 6 247 + 7 250 + 9 262+10  263+7 | 272+9  289+7 292 +4
Mean growth (mm) 91 +1 31+1 21 +£1 17 £ 1 15+1 14+1 12+1 12+1 12+1 11+1 10£1 12+1 12+1 10 +£2 10+ 1
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FIGURE 7
Age-observed length and age-back calculated length

relationships of Suckermouth Catfish Hypostomus c.f. watwata
captured from Makiki, Manoa, and Palolo Streams in the Ala Wai
Watershed on O'ahu, Hawai'i during 2022-2023. The presented
curve represents a Von Bertalanffy growth function fitted to the mean
back-calculated length at age data and is described as follows:
TLage =3422.(1- 6(70.10(39942.22)))_

same length captured from Makiki or Palolo Streams (Fg 3, = 2.25,
P < 0.01; Figure 5 and Table 2).

We were only able to successfully estimate the age for 137 of the
234 individuals captured due to a combination of the extremely
small size of the Suckermouth Catfish otoliths and the difficulty
associated with getting reliable age estimates from lapilli or the
sagitta of ostariophysan fishes (Michaletz et al, 2009; Long and
Stewart, 2010). Individuals sampled from the Ala Wai Watershed
ranged from 0-16 years old (Figure 6) with a mean (+SE) age of 4.8 +
0.4 years and a median age of 5 years. While the age-frequency
distribution of Suckermouth Catfish from the Ala Wai Watershed
exhibited distinct peaks, these peaks were not apparent in the length-
frequency distribution (Figure 5).

Suckermouth Catfish grew quickly during their first year,
reaching a mean (+SE) of 91 £ 1 mm TL, but growth slowed to
20-30 mm TL per year in the second and third year and then
remained <17 mm TL per year in subsequent years (Table 3). The
VBGF fitted to the back-calculated length at age data yielded
parameter estimates (+SE) of Ly, = 342.2 + 10.3 mm TL, k =
0.102 + 0.008 years™, and t, = —2.222 + 0.248 years (Figure 7). Mean
back-calculated TL at age varied between the three streams (F, 533 =
5.44, P < 0.01; Figure 7). Individuals captured from Palolo were on
average about 8% larger at any given age than individuals from
Manoa (ts33 = —3.11, P = 0.01). Individuals from Makiki tended to
exhibit more variability in their back-calculated length at age than
the other two streams and therefore were statistically similar to the
other two streams (|ts33] < 2.20, P > 0.07).

The relationship between the annual RGI of Suckermouth
Catfish and annual flow conditions varied by stream (Figure 8;
Tables 1, 4). The RGI of individuals residing in Makiki was higher
during years with shorter-duration low flow pulses, higher rise rates,
and higher flows during September and October, while years having
a greater number of low flow pulses and higher maximum flows and
flow variability in February resulted in lower RGI (Figure 8; Tables 1,
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4). While individuals from Manoa tended to exhibit negative RGI
regardless of annual flow conditions, RGI was higher in years with
higher low flow exceedance values and generally higher flows.
Individuals in Manoa exhibited lower RGI during years with
greater variability in daily flows (Figure 8; Tables 1, 4).
Suckermouth Catfish inhabiting Palolo grew faster during years
with higher flows during the winter, spring and summer months and
exhibited lower RGI in years with a greater range in daily flows
(Figure 8; Tables 1, 4).

Suckermouth Catfish in the Ala Wai Watershed on O’ahu
exhibited an overall total instantaneous mortality rate (Z + SE) of
0.14 £ 0.04 years™" and their relative year class strength seemed to
vary on a 3-5 years cycle during 2006-2021 (Figure 9). The top
performing model only included PC5 indicating that relative year
class strength was higher in years with greater mean and maximum
monthly flows during winter and a smaller range of daily flows
(Fy,11 =4.67, P=0.05, R* = 0.30). Our sample size was insufficient to
statistically evaluate whether annual mortality rates or relative year
class strength varied between Makiki, Manoa, and Palolo Streams.

Discussion

This study represents one of the first efforts to characterize the
demographics and flow ecology of a loricariid population, either
introduced or within its native range. We were unable to find any
age and growth information for any Hypostomus species in the
literature, and thus cannot say whether the patterns observed in our
study streams are typical for an introduced population or how they
might compare to the species in its native range. An introduced
population of another loricariid species, Vermiculated Sailfin
Catfish Pterygoplichthys disjunctivus, in a Florida spring system
reached a similar size (100 mm; Gibbs et al.,, 2013) in their first
year as Suckermouth Catfish in the Ala Wai Watershed and also
exhibited a consistent, low growth rate thereafter. However,
Suckmouth Catfish in the Ala Wai Watershed seem to be capable
of reaching greater maximum age than Vermiculated Sailfin Catfish
in Florida (approx. 5-6 years; Gibbs et al., 2013) or introduced
populations of Armored Sailfin Catfish P. pardalis in Kerala, India
(approx. 5-6 years; Raj et al., 2019). It is important to state that there
are currently no age validation studies available in the literature for
any Hypostomus spp. While this lack of validation should warrant
consideration in the conclusions drawn from the age estimates
generated in this study, it is also important to note that there
have been numerous studies validating annuli formation in other
catfishes, both in temperate (Spurgeon et al., 2015) and tropical
systems (de Soares et al., 2020), and that none of them have noted
anything other than a pattern of yearly annulus formation.

Suckermouth Catfish generally exhibited higher growth rates
during years with greater stability in flows and tended to grow more
slowly during years with extreme high or low flows (Figure 8). This
general pattern has been observed across a wide range of taxa,
including centrarchids (Sammons and Maceina, 2009; Grabowski
etal., 2019; Groeschel-Taylor et al., 2020), Channel Catfish Ictalurus
punctatus (Spurgeon and Pegg, 2017), Flathead Chub Platygobio
gracilis (Haworth and Bestgen, 2016). However, the observed
relationship between interannual variability in the growth of
Suckermouth Catfish in the Ala Wai Watershed and the annual
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FIGURE 8

Relationship between the mean standardized growth by year of Suckermouth Catfish Hypostomus c.f. watwata and interannual variation in annual
flow regime as assessed by the first five principal components (PC) calculated from hydroecological statistics of stream flow describing the annual flow
regime in Makiki, Manoa, and Palolo Streams in the Ala Wai Watershed on O'ahu, Hawai'i during 2010-2022 (A: PC1; B: PC2; C: PC3; D: PC4; E: PC5). The
eigenvalues of the hydroecological statistics for each principal component can be found in Table 1. Error bars represent standard error.

flow conditions experienced by the fish was not as strong as
expected. Despite being a demersal/benthic species associated
with relatively low current-velocity habitats in the lower, tidally
influenced reaches of rivers (Weber et al, 2012), Suckermouth
Catfish growth does not seem to be negatively impacted with
high flow pulses in the Ala Wai Watershed, to the extent that
growth was positively correlated with flows. Furthermore, the
species is primarily herbivorous (Weber et al., 2012) and thus
would not necessarily exhibit faster growth due to an increase in
insect drift or access to floodplain habitats associated with higher
flows, as seen with centrarchids (Sammons and Maceina, 2009;
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Grabowski et al., 2019; Groeschel et al., 2020). In contrast, the stable
moderate flows that tend to produce conditions conducive to
maximizing phytobenthos biomass (Lowe, 1979; Law, 2011),
particularly if augmented with inputs of terrestrial nutrients
associated with a low frequency of mild to moderate high flow
pulses (Buffam et al., 2001; Dalzell et al., 2005), would potentially
represent ideal conditions for Suckermouth Catfish growth.
However, baseflows of R2R systems in Hawai’i, particularly those
on O’ahu, are predicted to decrease in response to climate change,
with the frequency and magnitude of high flow events increasing
(Leta et al., 2018; Clilverd et al., 2019). Our results suggest that
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TABLE 4 Results of a repeated-measures mixed effects model evaluating the influence of stream and interannual variation in annual flow regime as assessed
by the first five principal components calculated from hydroecological statistics of stream flow describing annual flow regime on the standardized growth of
Suckermouth Catfish Hypostomus c.f. watwata in Makiki, Manoa, and Palolo Streams in the Ala Wai Watershed on O’ahu, Hawai'i during 2010-2022.

Factor Parameter estimate (SE) F-value (df1, df2) t-value (df) P
Intercept 0.032 (0.022) - 1.43 (109) 0.16
Stream - 3.67 (2,428) - 0.03

Makiki ~0.073 (0.072) - ~1.01 (428) 031
Manoa ~0.098 (0.037) - ~2.66 (428) 0.01
Palolo 0.000 - - -
PCI1(Stream) - 3.02 (3,428) - 0.03
Makiki ~0.028 (0.064) - ~0.44 (428) 0.66
Manoa 0.012 (0.030) - 040 (428) 0.69
Palolo 0.031 (0.011) - 2.95 (428) <0.01
PC2(Stream) - 1.40 (3,428) - 024
Makiki ~0.009 (0.033) - ~0.28 (428) 0.78
Manoa ~0.013 (0.013) - ~0.97 (428) 0.33
Palolo ~0.012 (0.007) - ~1.78 (428) 0.08
PC3(Stream) - 3.07 (3,428) - 0.03
Makiki ~0.016 (0.011) - ~1.46 (428) 0.15
Manoa ~0.040 (0.021) - ~1.91 (428) 0.06
Palolo 0.015 (0.008) - 1.85 (428) 0.07
PC4(Stream) - 2.26 (3,428) - 0.08
Makiki 0.012 (0.005) - 2.50 (428) 0.01
Manoa ~0.001 (0.004) - ~0.21 (428) 0.83
Palolo 0.001 (0.002) - 0.68 (428) 0.50
PC5(Stream) - 2.85 (3,428) - 0.04
Makiki 0.011 (0.006) - 1.88 (428) 0.06
Manoa ~0.001 (0.003) - ~0.30 (428) 0.77
Palolo ~0.004 (0.002) - ~2.22 (428) 0.03

Suckermouth Catfish growth, and to a lesser extent, recruitment,
may decrease in response to the climate-driven changes in
streamflow in Hawaiian R2R systems.

Similar to growth, Suckermouth Catfish recruitment seemed to be
higher in years with stable flows and higher flows during the winter
months. There is very little known about the early life history of
loricariid catfishes, so it is difficult to speculate mechanisms by which
flow conditions may influence the survival of young of year
individuals. However, like many loricariid species, Suckermouth
Catfish excavate burrows in the streambank into which the eggs
are deposited and guarded by the male (Hoover et al., 2004; Nico et al,,
2009; Gibbs et al., 2013). Years with higher flows would make more
streambank habitat available to spawning individuals and stable flows
would help ensure that the burrows remained submerged for the
incubation period, which might allow the population to produce
strong year classes. It is not known whether Suckermouth Catfish
spawn year-round in the Ala Wai Watershed or whether they have a
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discrete spawning season. Spawning seasonality, or a lack thereof,
seems to be highly variable amongst loricariid species and locations.
However, the results of the current study suggest that the species may
spawn in the winter or wet season, i.e., November—April, in Hawai’i. It
is also possible that some of the variability in year class strength
observed in the Ala Wai Watershed is attributable to the eradication
efforts of the Pa‘épa’® o Waikolu program. The program started
2017
134.2 individuals per trip, with individuals within the size range of
young of year individuals making upwards of half the catch, and
35 trips per year with a large proportion occurring from late fall to

collecting  Suckermouth  Catfish in and  averaged

early spring. In 2023, the program averaged 40.0 Suckermouth Catfish
per trip with 37 trips per year. While the efforts of Pa‘épa‘é o Waikolu
match up with a period of reduced year-class strength, it is perhaps
most interesting that the year during which collection efforts were
completely halted due to the global COVID-19 pandemic, 2021, saw
the strongest year class since the inception of the program.
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FIGURE 9

Relative year-class strength as estimated from the descending leg

of the catch curve of Suckermouth Catfish Hypostomus c.f. watwata
captured from Makiki, Manoa, and Palolo Streams in the Ala Wai
Watershed on O'ahu, Hawai'i during 2022-2023. Positive values
indicate a year-class that was stronger than predicted from age-
frequency data while negative values indicate weaker than predicted
year classes.

For a species originating from slow moving, coastal river
systems, Suckermouth Catfish have proven to be remarkably
adaptable to flow conditions in the R2R systems in the Ala
Wai Watershed. However, Suckermouth Catfish growth and
recruitment seems to be sensitive to elements of the R2R flow
regime that are most likely to change, such as flow variability, high
flow events and baseflows, with changing precipitation patterns
(Clilverd et al., 2019).
Suckermouth Catfish may find future conditions in R2R

predicted by climate projections

systems less hospitable, which may help to limit their
population size and range within and across watersheds.
Further, our results suggest that Suckermouth Catfish may be a
poor model species to examine flow ecology in R2R systems due to
their limited sensitivity to flow conditions and small otoliths that
are challenging to work with. Future efforts attempting to build on
this work may find stronger flow-growth relationships with other
regularly encountered invasive species, such as Smallmouth Bass
Micropterus dolomieu.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The animal study was approved by University of Hawaii
Institutional Animal Care and Use Committee. The study was
accordance with the local

conducted in legislation and

institutional requirements.

Frontiers in Environmental Science

10.3389/fenvs.2026.1754403

Author contributions

TG: Project administration, Writing - original draft, Data
curation,  Supervision, Methodology,
Visualization, Investigation, Conceptualization, Writing - review
and editing, Funding acquisition, Resources. YT: Investigation,

Formal Analysis,

Conceptualization, Writing - review and editing, Visualization,
Formal Analysis, acquisition. DB:
Writing - review and editing, Data
administration, Methodology. CY: Methodology, Investigation,

Writing - review and editing, Resources. JeF: Conceptualization,

Funding Investigation,

curation, Project

Funding acquisition, Writing - review and editing. JB: Funding
acquisition, Conceptualization, Writing — review and editing. JaF:
review and editing,

Writing - Funding

Conceptualization.

acquisition,

Funding

The author(s) declared that financial support was received for
this work and/or its publication. Funding for the project was
provided by the Pacific Islands and Alaska Climate Adaptation
Science Centers (contract #G21AC10774),
Cooperative Fishery Research Unit and the Nevada Cooperative
Fish and Wildlife Research Unit. The Hawaii Unit is jointly
sponsored by the U.S. Geological Survey (USGS), University of
Hawaii System, Hawaii Department of Land and Natural
Resources, and U.S. Fish and Wildlife Service (USFWS). The
Nevada Unit is jointly sponsored by the USGS, the University of
Nevada - Reno, the Nevada Department of Wildlife, USFWS, and
the Wildlife Management Institute. Any use of trade, firm, or

and the Hawai’i

product names is for descriptive purposes only and does not
imply endorsement by the U.S. Government.

Acknowledgements

We thank A. Charuk, J. Hijii, and D. Wallace, as well as the
students of Gus Webling Elementary (Fourth grade), Hokalani
Elementary (Fifth grade), Hau'ula Elementary (Fourth Grade),
Tolani School (Fourth/fifth grade), Kamehameha Elementary
(First Grade), Nanakuli elementary (Fourth Grade), Saint Louis
School (Eighth Grade), Waialua High School, and the University of
Hawai’i at Manoa NREM 662 for their assistance in collecting fishes.
A. Larson and D. McSwain assisted in the preparation of the otoliths
for analysis. J. Long and H. Mauro-Koike provided comments and
suggestions that greatly improved the quality of this manuscript.

Conflict of interest
The author(s) declared that this work was conducted in the

absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2026.1754403

Grabowski et al.

Generative Al statement

The author(s) declared that generative AI was not used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

References

Alexandre, C. M., Ferreira, T. F., and Almeida, P. R. (2013). Fish assemblages in non-
regulated and regulated rivers from permanent and temporary Iberian systems. River
Res. Appl. 29, 1042-1058. doi:10.1002/rra.2591

American Veterinary Medical Association [AVMA] (2020). AVMA guidelines for the
euthanasia of animals: 2020 edition. Available online at: https://www.avma.org/sites/
default/files/2020-02/Guidelines-on-Euthanasia-2020.pdf (Accessed August 10, 2023).

Archfield, S. A., Kennen, J. G., Carlisle, D. M., and Wolock, D. M. (2013). An objective
and parsimonious approach for classifying natural flow regimes at a continental scale.
River Res. Appl. 30, 1166-1183. doi:10.1002/rra.2710

Brasher, A. M. D., Luton, C. D., Goodbred, S. L., and Wolff, R. H. (2006). Invasion
patterns along elevation and urbanization gradients in Hawaiian streams. Trans. Am.
Fish. Soc. 135, 1109-1129. doi:10.1577/T05-083.1

Buffam, I, Galloway, J. N., Blum, L. K., and McGlathery, K. J. (2001). A stormflow/
baseflow comparison of dissolved organic matter concentrations and bioavailability in
an Appalachian stream. Biogeochemistry 53, 269-306. doi:10.1023/A:1010643432253

Capps, K. A,, and Flecker, A. S. (2013). Invasive fishes generate biogeochemical
hotspots in a nutrient limited system. PLoS ONE 8 (1), €54093. doi:10.1371/journal.
pone.0054093

Chace, F. A, Jr. (1983). The Atya-like shrimps of the Indo-Pacific region (Decapoda:
atyidae). Smithson. Contrib. Zool. 384, 1-54. doi:10.5479/S1.00810282.384

Christensen, C. C., Hayes, K. A, and Yeung, N. W. (2021). Taxonomy, conservation,
and the future of native aquatic snails in the Hawaiian Islands. Diversity 13, 215. doi:10.
3390/d13050215

Clilverd, H., Tsang, Y., Lynch, A. ], Infante, D. M., and Strauch, A. M. (2019). Long-
term streamflow trends in Hawai‘i and implications for native stream fauna. Hydrol.
Process. 33, 699-719. doi:10.1002/hyp.13356

Costa-Pierce, B. A. (1987). Aquaculture in ancient Hawai’i. BioScience 37, 320-331.
doi:10.2307/1310688

Dalzell, B. J., Filley, T. R, and Harbor, J. M. (2005). Flood pulse influences on
terrestrial organic matter export from an agricultural watershed. J. Geophys. Res. 110,
G02011. doi:10.1029/2005]G000043

de Soares, H., Tos, C. D., and Minte-Vera, C. V. (2020). A review on the age and
growth studies of freshwater fish in South America. Fish. Res. 222, 105410. doi:10.1016/j.
fishres.2019.105410

Fitzsimons, J. M., Schoenfuss, H. L., and Schoenfuss, T. C. (1997). Significance of
unimpeded flows in limiting the transmission of parasites from exotics to Hawaiian
stream fishes. Micronesica 30, 117-125.

Francis, R. I. C. C. (1990). Back-calculation of fish length: a critical review. J. Fish. Biol.
36, 883-902. doi:10.1111/j.1095-8649.1990.tb05636.x

Gibbs, M. A., Kurth, B. N,, and Bridges, C. D. (2013). Age and growth of the loricariid
catfish Pterygoplichthys disjunctivus in Volusia Blue Spring, Florida. Aquat. Invasions 8,
207-218. doi:10.3391/21.2013.8.2.08

Grabowski, T. B., Williams, H. M., Verble, R., Pease, A., and Pease, J. E. (2019).
Guadalupe Bass flow-ecology relationships; with emphasis on the impact of flow on
recruitment. U.S. Department of Interior, Fish and Wildlife Service, Cooperator Science
Series, 144-2019. doi:10.3996/css82372360

Groeschel-Taylor, J. R., Miyazono, S., Grabowski, T. B., and Garrett, G. P. (2020).
Growth and habitat use of Guadalupe Bass in the South Llano River, Texas. J. Fish. Wildl.
Manag. 11 (1), 33-45. doi:10.3996/022018-JFWM-015

Hain, E. F., Moody, K. N., Lamphere, B. A., Nelson, S. A. C., McIntyre, P. B,, Gilliam,
J. E, et al (2019). Migratory gauntlets on oceanic islands: watershed
disturbance increases the cost of amphidromy. Ecol. Freshw. Fish. 28, 446-458.
doi:10.1111/eff.12467

Hawai‘i Department of Land and Natural Resources (2015). Hawai’s State wildlife
acti. On Plan. Prep. by H. T. Harvey Assoc. Honolulu, Hawai'i. Available online at:
https://dInr.hawaii.gov/wildlife/files/2020/07/HI-SWAP-2015-FINAL.pdf ~ (Accessed
August 20, 2025).

Frontiers in Environmental Science

14

10.3389/fenvs.2026.1754403

Publisher’'s note

All claims expressed in this article are solely those
of the authors and do not necessarily represent those
of their affiliated organizations, or those of the publisher,
the editors and the reviewers. Any product that may
be this that
made by its manufacturer, is not guaranteed or endorsed by
the publisher.

evaluated in article, or claim may be

Haworth, M. R,, and Bestgen, K. R. (2016). Daily increment validation and effects of
streamflow variability and water temperature on growth of age-0 Flathead Chub. N. Am.
J. Fish. Manag. 36, 744-753. doi:10.1080/02755947.2016.1165772

Henriksen, J. A., Heasley, J., Kennen, J. G., and Nieswand, S. (2006). Users’ manual for
the hydroecological integrity assessment process software (including the New Jersey
assessment tools). U.S. Geological Survey Open-File Report 2006-1093, 72. doi:10.3133/
0fr20061093

Hoover, J. J., Killgore, K. J., and Cofrancesco, A. F. (2004). Suckermouth catfishes:
threats to aquatic ecosystems of the United States? Aquat. Nuis. Sp. Res. Prog. Bull. 04-1.

Isely, J. J., and Grabowski, T. B. (2007). “Age and growth,” in Analysis and
interpretation of freshwater fisheries data. Editors M. L. Brown and C. S. Guy
(Bethesda, Maryland: American Fisheries Society), 187-228. doi:10.47886/
9781888569773.ch5

Isermann, D. A., McKibbin, W. L., and Willis, D. W. (2002). “An analysis of methods
for quantifying crappie recruitment variability,”.N. Am. J. Fish. Manag. 22(4)
1124-1135. doi:10.1577/1548-8675(2002)022<1124:AAOMFQ>2.0

Jacquemin, S.J., Doll, J. C,, Pyron, M., Allen, M., and Owen, D. A. S. (2015). Effects of
flow regime on growth rate in Freshwater Drum, Aplodinotus grunniens. Environ. Biol.
Fish. 98, 993-1003. doi:10.1007/s10641-014-0332-x

Law, R. J. (2011). A review of the function, uses of, and factors affecting stream
phytobenthos. Freshw. Rev. 4 (2), 135-166. doi:10.1608/FR]J-4.1.448

Layhee, M., Marchetti, M. P., Chandra, S., Engstrom, T., and Pickard, D. (2014).
Impacts of aquatic invasive species and land use on stream food webs in Kaua’i, Hawai’i.
Pac. Conserv. Biol. 20, 252-271. do0i:10.1071/PC140252

Leta, O. T., El-Kadi, A. I, and Dulai, H. (2018). Impact of climate change on daily
streamflow and its extreme values in Pacific Island watersheds. Sustainability 10 (6),
2057. doi:10.3390/su10062057

Lindstrom, D. P, Blum, M. J., Walter, R. P., Gagne, R. B,, and Gilliam, J. F. (2012).
Molecular and morphological evidence of distinct evolutionary lineages of Awaous
guamensis in Hawai’i and Guam. Copeia 2012 (2), 293-300. doi:10.1643/CI-11-027

Long, J. M., and Grabowski, T. B. (2017). “Otoliths,” in Age and growth of fishes:
principles and techniques. Editors M. C. Quist and D. Isermann (Bethesda, Maryland:
American Fisheries Society), 189-219. doi:10.47886/9781934874486.ch9

Long, J. M., and Stewart, D. R. (2010). Verification of otolith identity used by fisheries
scientists for aging Channel Catfish. Trans. Am. Fish. Soc. 139, 1775-1779. doi:10.1577/
T10-102.1

Lowe, R. L. (1979). “Phytobenthic ecology and regulated streams,” in The ecology of
regulated streams. Editors J. V. Ward and J. A. Stanford (Boston, MA: Springer), 25-35.
doi:10.1007/978-1-4684-8613-1_3

Maceina, M. J. (1997). Simple application of using residuals from catch-curve
regressions to assess year-class strength in fish. Fish. Res. 32, 115-121. doi:10.1016/
S0165-7836(97)00051-9

Maceina, M. J. (2003). Verification of the influence of hydrologic factors on crappie
recruitment in Alabama reservoirs. N. Am. J. Fish. Manag. 23, 470-480. doi:10.1577/
1548-8675(2003)023<0470:VOTIOH>2.0.CO;2

Maly, K., and Maly, B. (2003). A history of fishing practices and marine fisheries of the
Hawaiian Islands: oral history interviews with kiapuna of the islands of Hawai'i, Maui,
Moloka'i, and O'ahu. Hilo, Hawai'‘i: Kumu Pono Associates, LLC, Hilo.

Mathews, L., Cole, K., and Rhode, T. (2025). Insights into the phylogeography and
demographic history of the native and invasive amphidromous prawns of Hawai’i.
Aquat. Consery. 35, 1-12. doi:10.1002/aqc.70048

McDowall, R. M. (2003). Hawaiian biogeography and the islands’ freshwater fish
fauna. J. Biogeogr. 30, 703-710. doi:lO.1046/j.1365—2699.2003.00851.);

Michaletz, P. H., Nicks, D. M., and Buckner, Jr., E. W. (2009). Accuracy and precision
of estimates of back-calculated Channel Catfish lengths and growth increments using
pectoral spines and otoliths. N. Am. J. Fish. Manag. 29, 1664-1675. doi:10.1577/M09-
028.1

frontiersin.org


https://doi.org/10.1002/rra.2591
https://www.avma.org/sites/default/files/2020-02/Guidelines-on-Euthanasia-2020.pdf
https://www.avma.org/sites/default/files/2020-02/Guidelines-on-Euthanasia-2020.pdf
https://doi.org/10.1002/rra.2710
https://doi.org/10.1577/T05-083.1
https://doi.org/10.1023/A:1010643432253
https://doi.org/10.1371/journal.pone.0054093
https://doi.org/10.1371/journal.pone.0054093
https://doi.org/10.5479/SI.00810282.384
https://doi.org/10.3390/d13050215
https://doi.org/10.3390/d13050215
https://doi.org/10.1002/hyp.13356
https://doi.org/10.2307/1310688
https://doi.org/10.1029/2005JG000043
https://doi.org/10.1016/j.fishres.2019.105410
https://doi.org/10.1016/j.fishres.2019.105410
https://doi.org/10.1111/j.1095-8649.1990.tb05636.x
https://doi.org/10.3391/ai.2013.8.2.08
https://doi.org/10.3996/css82372360
https://doi.org/10.3996/022018-JFWM-015
https://doi.org/10.1111/eff.12467
https://dlnr.hawaii.gov/wildlife/files/2020/07/HI-SWAP-2015-FINAL.pdf
https://doi.org/10.1080/02755947.2016.1165772
https://doi.org/10.3133/ofr20061093
https://doi.org/10.3133/ofr20061093
https://doi.org/10.47886/9781888569773.ch5
https://doi.org/10.47886/9781888569773.ch5
https://doi.org/10.1577/1548-8675(2002)022%3c1124:AAOMFQ%3e2.0
https://doi.org/10.1007/s10641-014-0332-x
https://doi.org/10.1608/FRJ-4.1.448
https://doi.org/10.1071/PC140252
https://doi.org/10.3390/su10062057
https://doi.org/10.1643/CI-11-027
https://doi.org/10.47886/9781934874486.ch9
https://doi.org/10.1577/T10-102.1
https://doi.org/10.1577/T10-102.1
https://doi.org/10.1007/978-1-4684-8613-1_3
https://doi.org/10.1016/S0165-7836(97)00051-9
https://doi.org/10.1016/S0165-7836(97)00051-9
https://doi.org/10.1577/1548-8675(2003)023%3c0470:VOTIOH%3e2.0.CO;2
https://doi.org/10.1577/1548-8675(2003)023%3c0470:VOTIOH%3e2.0.CO;2
https://doi.org/10.1002/aqc.70048
https://doi.org/10.1046/j.1365-2699.2003.00851.x
https://doi.org/10.1577/M09-028.1
https://doi.org/10.1577/M09-028.1
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2026.1754403

Grabowski et al.

Miranda, L. E., and Bettoli, P. W. (2007). in Analysis and interpretation of freshwater
fisheries data. Editors C. S. Guy and M. L. Brown (Bethesda, Maryland: American
Fisheries Society), 229-277. doi:10.47886/9781888569773.ch6

Moody, K. N,, Scherer, A. E., O’Connor, D. A.]. S., Heim-Ballew, H., Lisi, P. ]., Hogan,
J. D., et al. (2021). Effectiveness and outcomes of invasive species removal in Hawaiian
streams. Biol. Invasions 23, 1739-1763. doi:10.1007/s10530-021-02468-w

Nico, L. G,, Jelks, H. L., and Tuten, T. (2009). Non-native suckermouth armored
catfishes in Florida: description of nest burrows and burrow colonies with assessment of
shoreline conditions. Aquatic Nuis. Species Res. Program Bull. 9, 1-30.

Ogle, D. H., Brenden, T. O., and McCormick, J. L. (2017). “Growth estimation: growth
models and statistical inference,” in Age and growth of fishes: principles and techniques.
Editors M. C. Quist and D. Isermann (Bethesda, Maryland: American Fisheries Society),
265-359. doi:10.47886/9781934874486.ch12

Olden, J. D., and Poff, N. L. (2003). Redundancy and the choice of hydrologic indices
for characterizing streamflow regimes. River Res. Appl. 19, 101-121. doi:10.1002/rra.700

Oleson, K. L. L, Falinski, K. A., Lecky, J., Rowe, C., Kappel, C. V., Selkoe, K. A., et al.
(2017). Upstream solutions to coral reef conservation: the payoffs of smart and
cooperative decision-making. J. Environ. Manag. 191, 8-18. doi:10.1016/j.jenvman.
2016.12.067

Palmer, M. A., Lettenmaier, D. P., Poff, N. L., Postel, S. L., Richter, B., and Warner, R.
(2009). Climate change and river ecosystems: protection and adaptation options.
Environ. Manag. 44, 1053-1068. doi:10.1007/500267-009-9329-1

Poff, N. (1996). A hydrogeography of unregulated streams in the United States and an
examination of scale-dependence in some hydrological descriptors. Freshw. Biol. 36,
71-79. doi:10.1046/.1365-2427.1996.00073.x

Poff, N. L., Allan, J. D., Bain, M. B,, Karr, J. R,, Prestegaard, K. L., Richter, B. D., et al.
(1997). The natural flow regime. BioScience 47, 769-784. doi:10.2307/1313099

Quist, M. C, Guy, C. S, Schultzz, R. D, and Stephen, J. L. (2003).
Latitudinal comparisons of Walleye growth in North America and factors
influencing growth of Walleyes in Kansas reservoirs. N. Am. J. Fish. Manag. 23,
677-692. doi:10.1577/M02-050

Raj, S., Kumar, A. B., Raghavan, R., and Dahanukar, N. (2019). Amazonian invaders in
an Asian biodiversity hotspot: understanding demographics for the management of the
Armoured Sailfin Catfish, Pterygoplichthys pardalis in Kerala, India. J. Fish. Biol. 96,
549-553. doi:10.1111/jfb.14243

Rubio, V. Y., Gibbs, M. A., Work, K. A,, and Bryan, C. E. (2016). Abundant feces from
an exotic armored catfish, Pterygoplichthys disjunctivus (Weber, 1991), create nutrient
hotspots and promote algal growth in a Florida spring. Aquat. Invasions 11, 337-350.
doi:10.3391/A1.2016.11.3.11

Sabaj, M. H,, and Englund, R. A. (1999). Preliminary identification and current
distributions of two suckermouth armored catfishes (Loricariidae) introduced to O’ahu
streams. Bish. Muse. Occas. Pap. 59, 50-55.

Frontiers in Environmental Science

15

10.3389/fenvs.2026.1754403

Sammons, S., and Maceina, M. (2009). Effects of river flows on growth of Redbreast
Sunfish Lepomis auritus (Centrarchidae) in Georgia Rivers. J. Fish. Biol. 74, 1580-15093.
doi:10.1111/j.1095-8649.2009.02231.x

Schindelin, J., Arganda-Carreras, I, Frise, E., Kaynig, V., Longair, M., Pietzsch, S., et al.
(2012). Fiji: an open-source platform for biological-image analysis. Nat. Meth. 9,
676-682. doi:10.1038/nmeth.2019

Sergeant, C. J., Bellmore, J. R., McConnell, C., and Moore, J. W. (2017). High salmon
density and low discharge create periodic hypoxia in coastal rivers. Ecosphere 8 (6),
€01846. doi:10.1002/ecs2.1846

Sergeant, C. J., Falke, J. A., Bellmore, R. A, Bellmore, J. R, and Crumley, R. L. (2020).
A classification of streamflow patterns across the coastal Gulf of Alaska. Water Resour.
Res. 56 (2), €2019WR026127. doi:10.1029/2019WR026127

Shoup, D. E., and Michaletz, P. H. (2017). “Growth estimation: summarization,” in
Age and growth of fishes: principles and techniques. Editors M. C. Quist and D. Isermann
(Bethesda, Maryland: American Fisheries Society), 233-264. doi:10.47886/
9781934874486.ch11

Spurgeon, J. J., and Pegg, M. A. (2017). Juvenile growth of a macrohabitat generalist
tied to hydrological character of large-river system. Fresh. Biol. 62,291-302. doi:10.1111/
fwb.12867

Spurgeon, J. J., Hamel, M. J., Pope, K. L., and Pegg, M. A. (2015). The global status of
freshwater fish age validation studies and a prioritization framework for further
research. Rev. Fish. Sci. Aquacult. 23, 329-345. doi:10.1080/23308249.2015.1068737

Titcomb, M., and Pukui, M. K. (1972). Native use of fish in Hawai’i. Honolulu:
University Press of Hawai’i.

U.S. Geological Survey [USGS] (2016). The StreamStats program. Available online at:
http://streamstats.usgs.gov (accessed on August 04, 2020).

U.S. Geological Survey [USGS] (2022). USGS water data for the Nation. Reston, VA:
U.S. Geological Survey National Water Information System database. Available online
at: https://www.usgs.gov/data/usgs-water-data-nation (Accessed August 20, 2025).

Weber, C., Covain, R., and Fisch-Muller, S. (2012). Identity of Hypostomus
plecostomus (Linnaeus, 1758), with an overview of Hypostomus species from the
Guianas (Teleostei: Siluriformes: Loricariidae). Cybium 36, 195-227. doi:10.26028/
cybium/2012-361-012

Wiegner, T. N., Tubal, R. L., and MacKenzie, R. A. (2009). Bioavailability and export
of dissolved organic matter from a tropical river during base- and stormflow conditions.
Limnol. Oceanogr. 54, 1233-1242. doi:10.4319/10.2009.54.4.1233

Winter, K. B., Beamer, K., Vaughan, M. B., Friedlander, A. M., Kido, M. H,,
Whitehead, A. N., et al. (2018). The Moku system: managing biocultural resources
for abundance within social-ecological regions in Hawai'i. Sustainability 10, 3554.
doi:10.3390/su10103554

Yamamoto, M. N, and Tagawa, A. W. (2000). Hawai‘i’s native and exotic freshwater
animals. Honolulu, Hawai‘i: Mutual Publishing.

frontiersin.org


https://doi.org/10.47886/9781888569773.ch6
https://doi.org/10.1007/s10530-021-02468-w
https://doi.org/10.47886/9781934874486.ch12
https://doi.org/10.1002/rra.700
https://doi.org/10.1016/j.jenvman.2016.12.067
https://doi.org/10.1016/j.jenvman.2016.12.067
https://doi.org/10.1007/s00267-009-9329-1
https://doi.org/10.1046/j.1365-2427.1996.00073.x
https://doi.org/10.2307/1313099
https://doi.org/10.1577/M02-050
https://doi.org/10.1111/jfb.14243
https://doi.org/10.3391/AI.2016.11.3.11
https://doi.org/10.1111/j.1095-8649.2009.02231.x
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1002/ecs2.1846
https://doi.org/10.1029/2019WR026127
https://doi.org/10.47886/9781934874486.ch11
https://doi.org/10.47886/9781934874486.ch11
https://doi.org/10.1111/fwb.12867
https://doi.org/10.1111/fwb.12867
https://doi.org/10.1080/23308249.2015.1068737
http://streamstats.usgs.gov
https://www.usgs.gov/data/usgs-water-data-nation
https://doi.org/10.26028/cybium/2012-361-012
https://doi.org/10.26028/cybium/2012-361-012
https://doi.org/10.4319/lo.2009.54.4.1233
https://doi.org/10.3390/su10103554
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2026.1754403

	Flow ecology of invasive suckermouth catfish in urbanized ridge-to-reef systems on O’ahu, Hawai’i
	Introduction
	Methods
	Study area
	Sample collection
	Data analysis

	Results
	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgements
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


