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E�ectiveness of physical barriers
and enhanced fertilization in
controlling predation on tilapia
and catfish aquaculture systems
by four piscivorous water bird
families
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1Ornithology Department, National Museums of Kenya, Nairobi, Kenya, 2Tambua Fish Farming

Ventures, Mbale-Vihiga, Kenya

Waterbirds cause substantial fish-stock losses in open aquaculture systems,

particularly in developing countries where fish-ponds are smaller and predator

control methods largely manual or under-resourced. This study: (1) used

three fish-pond treatment meassures to assess their e�ciencies in deterring

predation pressure by four piscivorous waterbird families in small tilapia

and catfish farms in western Kenya; and (2) distinguished bird group(s)

most e�ectively deterred by these measures. The treatment measures were:

coarse-grid wire mesh barriers; finer-grid wire barriers; and enhanced pond

fertilization. Twelve fish-ponds were randomly sampled to assess birds’

pond-neigborhood assemblages and their predation deterrence responses to

pond treatment e�ects. Bird species richness was not a�ected by pond cover

status, enhanced pond fertilization or type of pond cover barrier. However,

pond-cover status, singularly and interactively with enhanced fertilization,

reduced bird encounter rates while cover barrier type did not. Conversely,

cover status, cover barrier type and fertilization each separately but not

interactively contributed to improved deterrence to bird predation rates

overall. However, while predation by families of larger birds was e�ectively

reduced by enhancing pond fertilization or cover barriers, predation by families

of smaller birds was prevented only by fine-grid chicken-mesh barriers.

These results demonstrate that using enhanced fertilization and physical

barriers can significantly contribute to reduction in predation pressure on

open-culture pond-fish by most piscivorous birds, but may not always be

e�ective if used separately. E�ectiveness of combination of measures chosen

will depend on types of target bird species and their feeding habits. The results

constitute additional knowledge on field techniques useful in diversifying

solution options for minimizing impacts of vertebrate predation on pond-fish

stocks toward promoting sustainable aquaculture production and improving

rural human nutrition.
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Introduction

Aquaculture continues to play an increasingly pivotal role

in global food security and nutritional diversification (Garlock

et al., 2022) and is now the fastest growing sector of food

production. This popularity owes largely to human population

growth in urban areas and a trending shift of protein intake

away from red meat toward aquatic resources richer in

macronutrients and lower in cholesterol (Godfray et al., 2009;

Ariño et al., 2013). Inland finfish farming is a particularly

significant agricultural sector in tropical regions as harvests

and access to the traditional natural fish resources continue to

dwindle from overfishing and impacts of civic infrastructural

development (Kearney, 2010; FAO, 2016). According to FAO

(2020), inland finfish aquaculture production in Africa almost

tripled from an average of ∼1.5 million metric tons between

1990 and 2009 to ∼4.5 million metric tons between 2010 and

2018, which is among the fastest over that period.

In East Africa, aquaculture production is mainly undertaken

by small-scale farmers, predominantly for subsistence but

often also to supplement other mainstream sources of income

(Babatunde et al., 2021). The farmersmainly use earthen-bottom

ponds, although cage- and tank-fish systems are also gaining

increasing prominence among some farmers (Obwanga et al.,

2020). In 2018, Kenya’s inland finfish production was equivalent

to 0.1% of the global total, but in spite of this seemingly

low volume, Kenya’s share in this segment is among the top

in sub-Saharan Africa (FAO, 2020). Such ventures provide

considerable sustenance for rural fish farmers to compliment

crop or livestock agriculture (Guillen et al., 2019). Additional

benefits derived by inland fish farmers include creation of

employment opportunities for aquaculture workers, and support

for local economies through provision of a ready market for fish

production inputs, as well as for local supplies of construction

and maintenance infrastructure and equipment from industries

(Kawarazuka and Bene, 2010).

Because of a relatively smaller scale of operation in Africa

in comparison to the case in more developed economies, these

inland aquaculture systems are largely characterized by open-

system plans spread across the landscape. To most waterbird

communities, particularly piscivorous and large predator

species, such systems, just like rice paddies and other artificial

wetlands, provide extensions of natural foraging habitats lost,

destroyed or reduced due to anthropogenic disturbance (Fasola,

2011). In some cases, piscivorous birds may preferentially utilize

and forage at aquaculture pond sites even if their natural habitat

has not been lost and this is often because fish ponds provide

more optimal foraging opportunities due to higher densities

and availability of fish prey (Feaga et al., 2015; Burr et al.,

2020). As a result, conflicts between fish farmers and piscivorous

birds are common due to considerable losses resulting from

predation pressure by such birds (Glahn et al., 1999; Werner

et al., 2007; Nwadukwe and Arimoro, 2012; Ovegård et al.,

2021). Otieno (2019) estimated that farmers may lose ∼15%

of their production of inland freshwater aquaculture finfish to

piscivorous birds each season in the western Kenya region alone.

In many parts of the world, additional potential impacts include

fish die-offs as a result of disease transmission and parasitic

infestation mediated by some piscivorous bird species (Walakira

et al., 2014; Radwan, 2021). In developing countries, small-scale

fish farmers’ capacity to find solutions aimed atminimizing these

losses are often undermined by challenges in accessing credit

facilities to mobilize the requisite financial and infrastructural

investments, and these are usually superimposed on the farmers’

inherently low levels of operational scale (Quagrainie et al.,

2010).

A wide range of measures have been proposed and applied

for mitigating aquaculture fish losses through predation by

piscivorous birds but erecting physical barriers to exclude bird

access is widely recognized as the most effective option (USDA,

1994; EIFAC, 1998; Farrell and Leonard, 2001). Other measures

that are less effective but widely applied include frightening

birds, projecting sounds, using dogs, erecting human dummies

or trapping and releasing the pest birds. However, each of

these has cost implications for either installation, maintenance,

replacement, or personnel time (Curtis et al., 1996). Although

most of the measures have been widely applied with reasonable

success in the more developed countries due to the large pond

sizes that facilitate easier mechanized operations there (Martin

and Hagar, 1990; USDA, 1994; EIFAC, 1998), there exists a

regional divide, both economic and scale-wise for their potential

applicability in the developing south where ponds are much

smaller, isolated and rely on manual agronomic operations

(Curtis et al., 1996). Additionally, lethal control options such

as killing birds by shooting, trapping or mass poisoning, are

untenable in most developing countries due to existing wildlife

protection legislations (KLR, 2009). Thus, the bird-scaring

option remains the most widely applied measure among most

the fish farmers in Africa, for instance.

One other strategy which is less widespread but has been

applied in parts of Uganda (Pers. com.) is boosting fertility of

pond water using enhanced quantities of organic or synthetic

chemicals. This is meant for enhancing primary production

in the pond water column for supplementing fish nutrition

while also helping to increase water turbidity thus making it

more difficult for fish to be targeted by predators that rely on

visual acuity to locate their aquatic prey. Enhancement of pond’s

fertility as a bird-predator deterrence measure is comparable to

the aquashade technique mainly applied in temperate regions,

involving application of a chemical agent to the pond water

so as to reduce visibility of fish to birds (Jenkins and Smith,

1998). However, majority of small-holder fish farmers in Africa

remain uninformed about the potential value of this technique

for deterring piscivorous bird predation impact.

Although anecdotal and verbatim reports for Uganda exist,

no quantitative study has previously been conducted in the
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East African region to assess the role of enhanced fish-pond

fertilization on its own (Smith, 1968) or in combination

with other measures such as physical barriers, as a means of

mitigating predation pressure by piscivorous waterbirds.

The goal of this study was to assess relative effectiveness of

three options for reducing predation pressure on pond-fish by

four piscivorous bird families. The bird families were: hamerkop

Scopus umbretta (Scopidae), herons (Ardeidae), Long-tailed

cormorants Microcarbo africanus (Phalacrocorocidae), and

kingfishers (Alcedinidae). The three conrtrol options included

use of: a coarse-grid steel-mesh barrier, hereafter “steel-mesh”;

a finer (chicken-grade) chain-link mesh barrier, hereafter

“chicken-mesh”; and enhanced pond fertilization. This was to

evaluate both viability and relative effectiveness of each of the

options either singly or in combination. A previous study by

Otieno (2019) identified these four bird families as the most

abundant and frequent visitors to fish ponds in the study area,

responsible for ∼84% of all predation-related pond-fish losses

in Kakamega County. Therefore, the main objectives of the

study were to: (1) Survey assemblage patterns and visitation

frequencies of the four bird families across the study ponds;

(2) Record bird’s fish capture rates across the ponds so as to

assess relative effectiveness of the three measures, singly or in

combination, for deterring overall fish depredation pressure

posed by each of the four bird families; (3) Rank the four bird

families in terms of their deterrence responses to the pond

treatment measures. The study was conducted across twelve

ponds belonging to small-scale freshwater fish farmers stocking

Nile Tilapia (Oreochromis niloticus) and African Catfish (Clarias

gariepinus) in western Kenya. Our hypotheses were that: (a)

fish ponds with enhanced fertilization would record reduced

bird assemblages and lower bird predation rates regardless of

cover status and piscivorous bird family identity, and (b) fish

ponds with cover barriers would exclude all piscivorous birds

from accessing fish irrespective of fertilization status. The study

is the first in this region to provide insight into the potential

for combining enhanced fish-pond fertilization with physical

barriers for controlling impacts of vertebrate predators on open

aquaculture production facilities. Specifically, they demonstrate

the significance of enhanced fertilization as a more practical

and more affordable low-income equivalent to the aquashade

technique that is often applied for the same purpose in larger

farms in the more developed economies (Jenkins and Smith,

1998).

Materials and methods

Study area

The study was carried out between September 2020 to May

2021 across 12 small-scale freshwater ponds stocked with Nile

Tilapia and African Catfish. The ponds were spread across

two neighboring Counties of Kisumu (00◦01′37′′-00◦25′46′′S;

34◦20′03′′-34◦24′09′′E) and Vihiga (00◦01′26′′-00◦12′24′′ N;

34◦32′24′′-34◦55′45′′ E) in western Kenya (IEBC Kenya, 2012).

The altitude of the area ranges from 1,400 to 1,800m above sea

level. Annual rainfall is 1,082mm and mean temperature ranges

from 17 to 32◦C. In the study area, the dominant economic

activities are subsistence crop and livestock farming but small-

scale finfish farming has also gained prominence for the past 15

years after the Kenya Government and the World Bank jointly

implemented an economic stimulus program to promote rural

aquaculture across the country to boost farmer’s income across

the country (GoK, 2009). The study ponds had earthen-floors

and each of them averaged 200–250 m2 in surface area, and

water wasmaintained at nearly the same depth (1.0–1.3m). Each

pond was stocked at the rate of 1,000–1,200 fish, each bearing

90% tilapia and 10–15% catfish, a strategy cited by farmers to

be useful in reducing predation risk posed by most vertebrate

pests (Glahn et al., 2017), and in particular, loss of juvenile

fish to predatory amphibians (Otieno et al., 2021). Fish in each

pond were fed at least twice daily with commercially formulated

feed pellets or fragments of Dagaa fish (Rastrineobola argentea)

marketed specifically for this purpose (Were et al., 2006).

Experimental design

The bird-deterrent measures which constituted the pond

treatment effects were: (a) pond cover status (covered vs. open);

(b) pond-cover barrier type (chicken-mesh cover of 2.5 ×

2.5 cm grid vs. a coarser-grid steel-mesh cover of 5.0 × 5.0 cm);

and (c) enhanced pond fertilization (fertilized vs. unfertilized).

Enhanced pond fertilization involved applying farm yard

manure and commercial-grade Diammonium Phosphate

containing both nitrogen (N) and phosphate (P205) nutrients

in selected ponds (Boyd and Tucker, 1998). The combination

of these treatments formed a basis for quasi-randomized block

design of the experiment. In the enhanced pond fertilization

treatment, synthetic or inorganic fertilizers were applied at the

rate of 12 kg/ha and supplemented with 50 kg of farm yard

manure, spreading the application over the fish grow-out period

(Boyd, 2018). Thus, the pond treatment effects for each of the

12 ponds were: two replicate ponds covered with steel-mesh

barrierr with enhanced fertilization; two replicate ponds covered

with steel-mesh barriers without fertilization: two replicate

ponds covered with chicken-mesh barriers with enhanced

fertilization; two replicate ponds covered with chicken-mesh

barriers without fertilization; two replicate ponds left open with

enhanced fertilization; and two replicate ponds left open but

without fertilization. The open ponds with no cover barriers and

no fertilization served as experimental controls. To prevent fish

capture by long-necked birds through open gaps, pond barrier

covers were erected and held in place by sturdy stakes at heights

averaging 30 cm above the water surface.
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Sampling protocol and intensity

Fieldwork was conducted during one sampling day per

week, consistently changing the day of each subsequent week

and maintaining this systematic strategy during the 6-month

sampling period between September 2020 to May 2021. This

period transcended two consecutive seasons of the usual 6-

month tilapia-catfish grow-out period. Sampling was conducted

by two observers working simultaneously, each one sampling

six replicate ponds. This yielded a total 24 sampling days (1

day ∗ 4 weeks ∗ 6 months) and a total 216 general sampling

hours (24 days ∗ 9 sampling h). Observations were made during

three 3-h diurnal period blocks (06–09 h; 11–14 h; 16–19 h) on

each sampling day, these periods being the peak feeding-activity

times for most aquatic bird species and thus depicting optimal

feeding behaviour (Bibby et al., 2000) and at the same time

serving to minimize diurnal temporal bias on the observed

activities. Records were taken on bird activity, with the aid of

pairs of binoculers and telescopes from a distance, dividing

observation session blocks into 20-min durations. Parameters

measured and recorded at each pond were: observation-time

period; bird’s time-activity; bird species and family identity;

and fish capture rates by individuals of each bird family (total

number of fish capture attempts and number of fish capture

successes). Thus, predation deterrence rates were evaluated as

either total of all successful fish captures, or total of all failed

attempts during an observation session (Cook, 1978; Jaccard

and Jaccard, 2001). To ensure sampling independence and to

minimize observer bias, pond-of-start as well as pond observer-

assignments were alternated each sampling week (Fitzpatrick

et al., 2009). Further, a distance of at least 50m was maintained

between study ponds to reduce potential bias related to localized

inter-pond dispersal of birds (Sutherland, 2006), and observers

themselves maintained a distance of at least 25m from study

ponds during surveys to avoid disturbing birds.

Data analyses

Analyses were performed to evaluate influences of the

various fish pond treatment options on bird’s daily encounter

rates, species richness and fish capture success rates. Bird

encounter rates were evaluated as mean number of times a

species was sighted at a study pond per day of observation

(daily occurrences) as well as per hour; species richness

was determined as the cumulative number of unique species

observed for each study pond over the entire study period

(Ugland et al., 2003). Predation rates by bird families on fish

in response to pond treatment measures were pooled for all

the days of the whole study period and averaged per day as a

predation deterrence failure (deterrence score = 0, equivalent

to fish capture success) or as predation deterrence success

(deterrence score = 1, equivalent to fish capture failure). Bird

encounter rate data were first inspected for data dispersion

using the AER package in R v. 4.0.2 (Faddy and Smith, 2011;

R Development Core Team, 2020). Subsequent to confirmation

of over-dispersion (z = −41.635, p = 1; α = −0.866) and to

avoid committing a type-I error in conclusions drawn, the quasi-

Poisson error distribution was chosen for fitting the generalized

linear models (GLM). These were fitted with a log link function

to test daily encounter rates’ responses to the various pond

treatment effects (cover status, cover barrier type, enhanced

fertilization) within the lme4 package inR v. 4.0.2 (Ver Hoeff and

Boveng, 2007). To model effects of the various pond treatment

measures on bird’s predation deterrence rates, binomial logistic

regressions with logit link functions were applied in GLMs given

that such data was of binary structure—deterrence success = 0

vs. deterrence failure = 1 (MacKenzie et al., 2017). Responses

of bird assemblages and deterrence scores were tested first for

each pond treatment measure separately, and then also for

their interactive effects. This way, a quasi-randomized block

design was achieved in the sampling protocol, with the non-

covered, non-fertilized ponds serving as the control treatment

effects (Ariel and Farrington, 2010).

Results

Bird encounter rates were significantly higher at fish

ponds that were left open as compared to those that were

covered (Table 1). However, neither type of cover barrier nor

enhanced fertilization treatment had an important influence on

encounter rates either in overall or at family or species levels

(Figures 1A,B). Furthermore, Woodland Kingfisher Halcyon

senegalensis was significantly the most frequently encountered

at all ponds but Pied Kingfisher Ceryle rudis completely avoided

ponds subjected to enhanced fertilization (Figure 1B). The

combined effect of enhanced fertilization and cover barrier

type also showed no notable influence on bird encounter rates

although enhanced fertilization did have an interactive effect

with cover status such that enhancing fertility of covered ponds

appeared to limit bird visits, as opposed to enhancing the fertility

of ponds with no cover barriers (Table 1).

TABLE 1 Results of generalized quasi-Poisson linear models for

separate and interactive influences of various pond treatment e�ects

on bird encounter rates.

Pond treatment Interactive t p ≤ 0.05 SE

Cover status No 1.991 0.049 0.136

Cover barrier type No 1.044 0.299 0.105

Fertilization No 0.221 0.825 0.096

Cover status * Fertilization Yes −1.670 0.050 0.190

Cover barrier type * Fertilization Yes −0.732 0.466 0.544

Responses in bold face are significant. SE, standard error of parameter estimate.
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FIGURE 1

E�ect of pond fertilization on encounter rates (A) Per diurnal day for piscivorous birds in general, and (B) Per diurnal hour for each species. BH

Heron = Black-headed Heron; Woodland = Woodland Kingfisher; LT Cormorant = Long-tailed Cormorant.

FIGURE 2

Comparison of piscivorous bird mean species richness across

the three pond cover barrier types. Species richness was the

average daily total number of species encountered across ponds

covered by each cover barrier type over the entire study period.

Piscivorous bird species richness was generally not

influenced by either ponds’ cover status (t = 0.104, p = 0.198)

or enhancing pond fertilization (t = −1.923, p = 0.068).

However, ponds covered with chicken-mesh barriers attracted

significantly the lowest variety of piscivorous species whereas

steel-mesh covered ponds attracted the highest number of

species (t =−3.292, p= 0.005) (Figure 2).

When pond treatments were considered separately, the

status of pond cover, type of pond cover barrier and enhanced

fertilization, all had significant influences on the success of bird

predation deterrence (Table 2).

TABLE 2 Results of logistic regression models for separate and

interactive influences of various pond treatment e�ects on the

success of deterring birds against predation on pond fish.

Pond treatment variable Interactive z p ≤ 0.05 AICc

Cover status No 5.136 <0.001 123.6

Cover barrier type No 2.228 0.026 118.5

Fertilization No 2.625 0.009 148.1

Cover status * Fertilization Yes 1.126 0.260 122.1

Cover barrier type * Fertilization Yes 0.012 0.990 133.1

Species identity No 1.536 <0.001 121.3

Cover barrier type * Species identity Yes 2.395 <0.001 NA

Responses in bold face are significant. AICc, akaike information criterion value for small

sample size.

Thus, as would be expected, when ponds were either open,

unfertilized or covered only with the coarser-grid steel-mesh

barriers, birds overall were less likely to be deterred from

predating on pond-fish (Table 2; Figures 3A–D).

Considering fertilization alone and its influence on

predation deterrence scores at bird family level, Hamerkop

appeared most likely, but kingfishers least likely to be deterred

by this control measure (Figure 4A), even though this effect was

not statistically significant.

Interactive effects of enhanced pond fertilization with

either pond cover status or with pond cover barrier type

did not, however, show any effect on predation deterrence

performance except for kingfishers (Table 2; Figure 4B). Further,

the interactive effect of pond cover barrier type and species

identity indicated kingfishers to be least likely than the other

three bird families to be deterred from predation when

steel-mesh barriers were used for covering fish ponds. In
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FIGURE 3

E�ect of (A) Pond cover status, (B) Enhanced pond fertilization,

and (C) Pond cover barrier type on bird predation deterrence

success rate. (D) Logistic regression curve showing influence of

pond cover barrier type on success rate of bird predation

deterrence. Pond cover barrier type is coded on a rank score

ranging from 1 = chicken-mesh; 2 = steel-mesh, to 3 = no

cover barrier. Mean bird deterrence scores are daily averages for

the total number of days of observation.

fact Woodland Kingfisher was only marginally deterred by

steel-mesh coverings while Malachite Kingfisher (Chorythornis

cristatus) was discouraged only by chicken-mesh cover barriers

(Table 2; Figure 4C).

Discussion

Although bird encounter rates were higher at ponds

without enhanced fertilization, type of cover barrier alone,

regardless of fertilization, was not important in predicting

bird encounter rates overall. Similarly, there was no notable

influence of enhanced fertilization or cover barrier type on bird

species richness at ponds. This is a manifestation that most

piscivorous birds may use the aquaculture sites for purposes

other than for foraging on fish. Such uses may include resting

or coutrship displays for breeding purposes. In addition, except

for kingfishers, the other three bird families especially hamerkop

and herons, are not exclusively piscivorous and thus might visit

the pond viscnity to forage on alternative prey resources such

as arthropods, crustaceans, oligochaetes or amphibians (Wilson

et al., 1987; Kopu, 1996; Burr et al., 2020). A high density of

trees and suitable structures for roosting or alternative foraging

opportunities can also enhance frequent visits by piscivorous

birds near large aquaculture facilities since such a landscape

character simulates the birds’ own natural habitat (Sebasti’an-

Gonz’alez and Green, 2013; Barrett et al., 2018; Otieno, 2019).

Many species of waterbirds may thus be attracted to such sites

in spite of the variety of artificial treatment effects that may be

applied on individual ponds. Nevertheless, bird species richness

was highest at pond covered with steel-mesh barriers in contrast

to the fewest when ponds were covered with chicken-mesh

barriers indicating that although fine-grid barriers may be less

inviting to many species that may visit fish ponds, the coarser-

grid steel mesh barriers being mouch more transparent, can still

entice birds to approach ponds and attempt to catpure fish from

below even if such attempts may not be successful.

In terms of bird predation deterrence, enhanced pond

fertilization and use of pond cover barriers showed more

profoundly impactful outcomes. Thus, when ponds were

covered with barriers, especially the fine-grid chicken-mesh,

or if they were treated with enhanced fertilization, bird’s

predation were significantly reduced. However, contrary to

expectation, these measures were not necessarily successful

in deterring predation by all piscivorous bird families when

applied in combination. This apparent non-significance of

this combined effect may be associated with feeding habits

of kingfishers which, when analyzed separately, were not

completely deterred by covering ponds except with the fine-

grid chicken-mesh. Malachite Kingfisher, due to its relatively

small size, was particularly undeterred by steel-mesh and

continued to frequently visit and prey heavily on juvenile or

immature fish (Laudelout and Libois, 2003; Vilches et al., 2013).

These observations suggest that for most piscivorous birds,

particularly the small-sized species, enhanced pond fertilization

may produce positive results in deterring predation only as long

as ponds are not left open and the only potentially successful

alternative to fertilization is to deploy fine-grid barriers of at

most the size of chicken-mesh. Many previous studies attest

to this, showing that using physical barriers to cover ponds is

the only measure that can guarantee against aquaculture fish

loss to most vertebrate predators including piscivorous birds

(Gorenzel et al., 1994; Farrell and Leonard, 2001; Nemtzov

and Whittaker, 2003). Even partial barriers against predators

may have significant positive impacts on fish production. For

instance, Nwadukwe and Arimoro (2012) observed that when

ponds were surrounded by open-top exclusion fencing using

barrier netting, catfish nursery fingerling survival rates were

c. 20% higher than for unfenced treatments due to predation

by birds. Similar positive outcomes were reported by (Melotti

et al., 1996) for exclusion netting against bird predation on Sea

Bass (Dicentrarchus labrax). An alternative measure to physical

exclusion barriers is to reduce fish visibility in the ponds by

enhancing water fertility to stimulate phytoplankton growth

and Boyd (2018) indicated that this measure may be applied

on its own or in concert with varieties of physical barriers for
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FIGURE 4

(A) Relative success rate of using pond fertilization alone as a measure in deterring in predation by individual families. (B) Influence of pond

cover barrier type and (C) Influence of pond cover status and enhanced fertilization on predation deterrence success against kingfishers in

comparison to the other bird species. BH Heron = Black-headed heron; LT Cormorant = Long-tailed Cormorant; KF = Kingfisher. Bird

deterrence scores are daily averages for the total number of days of observation.

successful results. However, enhancing pond fertilization need to

be applied in such a way as to avoid compromising pond water’s

physico-chemical properties essential for maximal aquaculture

production (Duan et al., 2011; Abdel-Tawwab et al., 2015).

Long-term effectiveness of the fine-grid barriers to exclude

all access to fish by small bird species like kingfishers, however,

also require designing these structures to be sturdier than the

standard chicken-mesh, which is commercially provided only

in gauges that are too flexible and may soon sag down or

collapse under the weight of perching birds, as was occasionally

witnessed during surveys, and is also prone to medium term

degradation due to rusting. Therefore, a more effective design

would be one of a higher tensile gauge. In addition, whether

or not fertilization is simultaneously applied, mesh barriers

should best be erected in inclined or dormed shapes to prevent

accumulation of allotchthonous debris that might add to organic

inputs into the water, or reduce light penetration and lower levels

of dissolved oxygen, potentially undermining fish health and

growth (Huntingford et al., 2010; Abdel-Tawwab et al., 2015).

In terms of relative suitabilities amongst the piscivorous bird

families the findings of this study indicate that the larger-bodied

piscivorous bird families, especially hamerkop and herons,

which unlike kingfishers (Vilches et al., 2013), do not rely

completely on visual acuity to catch their fish prey (Butler, 1997;

Jepsen et al., 2018), are most likely to be successfully deterred

from predating on pond fish when enhanced pond fertilization

is applied even in the absence of preventive cover barriers.

However, even for these bird families, use of physical barriers,

at least of the steel-mesh grid size, remains the only non-

lethal guarantee for totally preventing predation on pond-fish.

Some species of heron, for instance, are able to prey on pond-

fish even nocturnally (Laubhan et al., 1991; McNeil et al.,
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2011) while cormorants, having capacity for deep diving, are

capable of capturing fish underwater without having to visually

locate them (McKay et al., 2003) thus highlighting a possible

limitation of enhanced fertilization alone. Both these cases

illustrate that enhancing pond fertilization without deploying

physical barriers may be useful primarily in situations where

pond stocking densities are relatively low, water colums are

deep enough to minimize activity of wading birds (Glahn et al.,

2017) or where birds have alternative foraging opportunities

within the viscinity, otherwise they would still be inclined to

invest extraneous effort and time to capture fish (Gendron,

1986). Finally, by mediating reduced predation pressure from

large wading piscivorous birds, physical barriers and enhanced

fish-pond fertilization can also play a significantly instrumental

role of protecting fish from diseases or parasites that can

potentially be transmitted through feeding activities of some

birds. For instance, Glahn et al. (2017) reported that disease and

pathogen infection rates in catfish ponds in Mississippi were

strongly attributable to Great Blue Heroms (Ardea herodias)

and other large wading birds foraging in or around the

aquaculture facilities.

Conclusion

This study has shown that totally excluding piscivorous

birds through fine-grid pond cover barriers would be the most

effective in eliminating predation pressure on aquaculture fish,

but that on their own, enhanced fertilization or coarser-grid

cover barriers would not be effective against all birds. The

chicken barrier will exclude even the small-bodied piscivorous

birds that are most significant predators of juvenile fish in

breeding ponds. But even though chicken-mesh size barriers

were sufficiently effective even on their own, steel-mesh barriers

when deployed together with enhanced pond fertilization can

be almost equally effective as an alternative combined predation

deterrence strategy against all species. For large piscivorous bird

species alone, the steel-mesh can also be totally effective even

without pond fertilization (Alceste, 2019) as long as they are

erected high above the pond water surface. If ponds are to

be left open, enhancing fertilization is a reasonable but less

effective predation deterrence measure against birds that rely

on sight to capture fish prey, although this will still not limit

the variety of bird species visiting aquaculture pond viscinity

for purposes other than capturing fish. Despite chicken-mesh

cover barriers being the most effective for preventing bird

predation and the cheapest option, it is commercially available

only in indurable designs that can drive up production costs

owing to the need for frequent maintenance and replacement

from damage from birds’ perching. Similarly, steel-mesh may

be sturdier in design and last longer but bears a heavier initial

cost for acquisition and installation. Inorganic fertilizer prices

are often also volatile and unpredictable therefore, for many

farmers in this region or those with many large ponds, this

option may, similarly, still present a production cost challenge.

Therefore, the decision as to whichever one or combination

of measures to adopt will ultimately depend on individuals

farmers’ own circumstances and budgets. Nonetheless, many of

these farmer are already using organic or farmyard manure to

boost plankton productivity in the ponds and to supplement

commercial fish feeds (Fermon, 2011). These farmers need

only to increase the use of such organic manures to realize

the additional benefit of mitigating bird predation pressure.

Such use of farmyard manure to supplement fish feeds is

already practiced across many small aquaculture systems in

southern parts of Asia and is considered as a significant

form of sustainable fish farming, commonly referred to as

integrated aquaculture (Bhatt et al., 2011). In order to further

help fish farmers make optimal choices, future research should

consider incorporating economic variables in designing an

integrated model for a decision support tool that will allow

for flexibility and versatility, taking into account individual

farmers’ own capital and labor endowments balanced against

expected economic returns on investment. Given the growing

importance of aquatic food in human diets and global food

chains (Garlock et al., 2022), such a tool would be a significant

aid to small-scale fish farmers and would help in boosting

their efforts and contribution to local and national food

security through aquaculture production. Similarly, because

the present study did not quantify the role of dissolved

oxygen levels in influencing bird predation rates, future

investigation on this theme should include this linkage as a

way of evaluating optimal fertilization levels that will avert

potentially detrimental effects on fish health and overall

fish-pond productivity.
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