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Abstract Many zooplankton surveys underestimate

species richness owing to difficulties in detecting rare

species. This problem is particularly acute for studies

designed to detect non-indigenous species (NIS) when

their abundance is low. Our goal was to test the

difference in detection efficiency between traditional

microscopy and image analysis (i.e., FlowCAM). We

hypothesized that detection of rare species should

become easier as they become abundant in a sample, if

they are morphologically distinct, or if counting effort

increased. We spiked different densities of Cladocera

into zooplankton samples from Lake Ontario to

simulate rarity, and assessed detection rate. Our

results indicated that there was a positive relationship

between the probability of finding at least one spiked

NIS and its abundance, distinctiveness, and counting

effort employed. FlowCAM processed more subsam-

ples, though morphologically similar taxa were dis-

tinguished more readily with microscopy. The

expected probability for detecting one individual

spiked into a sample with * 8000 individuals (300

counted) was 3.60%, though observed values were

considerably lower using both classical microscopy

(4.58 9 10-3 to 1.00%) and FlowCAM (0.10 to

3.00%). Our experiments highlight that many plankton

ecologists use subsample counts too low to detect rare

native species and NIS, resulting in low species

richness estimates and false negatives.

Keywords Invasive species � Early detection � Risk
assessment � Taxonomy � FlowCAM � Great Lakes �
Hamilton Harbour

Introduction

Detecting the full complement of species in an aquatic

environment can be daunting. It is particularly difficult

to detect the rarest of species, including endangered

species (Thomsen et al., 2012) and newly colonized

non-indigenous species (NIS; Campbell et al., 2007;

Jerde et al., 2011). Missing rare species in biodiversity

assessments can have profound implications. For

example, Cao et al. (1998) determined that species

richness estimates could be severely distorted, and

differences between impacted and non-impacted sites

artificially minimized if rare species were excluded

from analyses.

False negatives—which we define as the failure to

detect organisms that are present—may occur when

assessing community composition of an aquatic
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habitat, particularly for rare species. Hoffman et al.

(2011) estimated that detection of 95% of all zoo-

plankton species present in Duluth-Superior harbour,

Lake Superior, would require enormous sampling

effort (i.e., 776 samples and examination

of * 500,000 individuals). This pattern is consistent

with Harvey et al.’s (2009) finding that even with

intensive (n = 100) field sampling, zooplankton

species present at very low abundance are exception-

ally difficult to detect. Arnott et al. (1998) suggested

that zooplankton ‘‘patchiness’’ in the water column

can contribute to false negatives, particularly with

respect to rare species. The authors suggested that

biodiversity is better accessed by collecting multiple

samples over time to overcome patchiness of zoo-

plankton in the water column (Arnott et al., 1998). In

the lab, zooplankton samples have been traditionally

processed using fixed counts, often of relatively low

numbers of individuals (see Fig. 1). In some cases,

fixed subsample counts are combined with whole

sample analysis of large or otherwise conspicuous rare

species. However, this approach may be insufficient

for small or inconspicuous rare species, resulting in

false negatives.

Automated imaging flow cytometry (FlowCAM) is

an emerging technology that combines a flow

cytometer with a camera and a microscope (Álvarez

et al., 2011), and generates phytoplankton counts

comparable to traditional microscopy (e.g., Camoying

& Yñiguez, 2016). This machine was created for use

with phytoplankton (Poulton, 2016). The user is able

to quickly classify particles as the FlowCAM records

22 properties including area, circle fit, and trans-

parency (Fluid Imaging Technologies Inc., 2011).

FlowCAM accurately identifies phytoplankton and is

effective at measuring size classes in natural samples;

however, it may not be comparable to traditional

counts for preserved samples due to the deformation of

preserved particles (Álvarez et al., 2011). FlowCAM’s

published use with zooplankton is limited. It was able

to distinguish between copepods and phytoplankton in

a mixed sample (Ide et al., 2008), and recent studies

have successfully used FlowCAM to count zebra

mussel veligers (Frischer et al., 2012). However, no

published reports exist with respect to FlowCAM’s

capability to distinguish between Cladocera, nor has it

been applied to early detection of NIS.

In this study, we spiked very ‘rare’ Cladoceran

zooplankton species into lake samples to determine

detection thresholds using both traditional microscopy

and FlowCAM image analysis to test the hypotheses

that the likelihood of finding spiked species will

Fig. 1 Histogram of

minimum zooplankton

counts from research

publications in journals

Freshwater Biology,

Hydrobiologia, Journal of

Plankton Research, and

Limnology and

Oceanography
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increase (1) as spiking abundance increases; (2) in

direct relation to the distinctiveness of the spiked

species; and (3) as total individuals counted increases.

Methods

Literature survey

To identify typical sampling efforts for zooplankton

studies, we performed a Web of Science search for

‘zooplankton sampling’ for 2012–2016 focused on the

journals Freshwater Biology, Hydrobiologia, Journal

of Plankton Research, and Limnology and Oceanog-

raphy. Of the 61 papers identified, we then examined

laboratory counting effort for papers that counted and

identified samples using microscopy, plotting the

number of papers that processed whole samples,

subsamples without specifying a minimum number

of individuals identified, and those that specified a

minimum number of individuals identified (Fig. 1).

Blind spiking experiment

We collected a large zooplankton sample from

Hamilton Harbour, Lake Ontario in June 2014.

Hamilton Harbour contains an international port,

which receives a large volume of commercial shipping

traffic and thus is at risk for introduction of new NIS.

We used a 50-cmmouth,Wisconsin-style plankton net

with 100-lm mesh for collection. We initially placed

live plankton samples in club soda (to reduce EtOH

bloat), and subsequently preserved the large sample in

95% EtOH. The sample was filtered through a 250-nm

sieve to remove small immature stages of Cladoceran

zooplankton. This sample was then randomized and

subdivided into five replicate jars.

We used Cladocerans as the focal group because of

their importance to aquatic food webs, well-charac-

terized taxonomy, and because species within the

order exhibit substantial morphological distinctive-

ness. We define distinctiveness as a relative measure-

ment; that is, how different a species appears when

compared to other taxa in the same sample. More

distinctive taxa are expected to be more readily

recognized by a taxonomist than less distinctive ones.

We identified all Cladoceran species in our sample jars

in order to determine Cladocera richness in Hamilton

Harbour. Balcer et al. (1984) reported that the

Cladoceran community in Hamilton Harbour was

dominated by Daphnia mendotae, Daphnia retro-

curva, Bosmina longirostris, Eubosmina coregoni,

and Cercopagis pengoi, a finding similar to our own

(with the addition of the invader Cercopagis pengoi).

We subsampled each of the five sample jars four times

using a 2-ml Hensen-Stempel pipette (* 400 indi-

viduals per subsample), and enumerated the Cladocera

in order to estimate the mean total number of

individuals in each sample. We performed an analysis

of variance (ANOVA) using R (R Development Core

Team, 2016), and determined that there were no

significant differences between the total number of

Cladocerans in each of the five jars (F4,15 = 1.77,

P = 0.188) before spiking new Cladocerans into each

sample.

We used a hypergeometric distribution to calculate

the expected probability of finding at least one of the

spiked individuals for a variety of spiking densities (1,

5, 10, 25, 30, 50, 75, and 100) and for designated

counting efforts (100, 300, 1000, 5000, and complete

sample counted), in order to choose spiking densities

with differing probabilities of encountering spiked

species (Wroughton & Cole, 2013).

We utilized a blind spiking experiment in which

four different non-indigenous Cladoceran species—

Daphnia lumholtzi, Daphnia longicephla, Eubosmina

longispina, and Evadne nordmanni, never before

reported in Hamilton Harbour—were spiked into the

aforementioned plankton samples at different abun-

dances. The principal taxonomist, who was familiar

with the native community, knew neither species

identity nor spiking abundance. An assistant received

preserved monocultures of each spiked species from

taxonomic experts, and introduced a randomly desig-

nated number of each species into each sample jar. We

then sought to experimentally determine the probabil-

ity of finding at least one of each of these species in

relation to spiking abundance and counting effort.

Mean total abundance was * 8000 individuals in

each of the five samples.

Spiked Cladocerans exhibited varying degrees of

morphological distinctiveness when compared to the

native community in Hamilton Harbour—Evadne

nordmanni was thought to be the most distinct, the

two daphnids were thought to have medium distinc-

tiveness, and Eubosmina longispina was thought to be

the least distinctive of the spiked species.
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Each sample jar was spiked with the four Cladocera

species at one of five abundances (1, 5, 10, 25, and 50

individuals). The total number of each individual

spiked into each sample jar can be found in Table 1.

Too few individuals were procured to test all spiking

abundances for all species. Therefore, we were unable

to run trials with 1 Daphnia lumholtzi, 50 Eubosmina

longispina, nor 25 or 50 Evadne nordmanni.

Microscopy

We processed each sample with a microscope for all

subsample and counting efforts. Each of the five

sample jars was counted in triplicate for each counting

effort. We used both dissecting microscopy and

higher-magnification, compound microscopy using

bright-field. We used journal reports and plankton

keys (Ward et al., 1918; Hebert, 1977; Smirnov &

Timms, 1983; Muzinic, 2000; Witty, 2004; Johnson &

Allen, 2005; Haney et al., 2013) to identify Cladocer-

ans to the lowest possible taxonomic level, which was

species level in most cases. Only after all samples

were completely counted, were the names and abun-

dances of each unknown spiked species revealed.

Later, we processed the same samples with automated

imaging flow cytometry (FlowCAM) to discover the

probability of finding at least one of each spiked

species using this instrument.

FlowCAM

FlowCAM technologies model number VS1 was used

in autoimage mode. This instrument combines a flow

cytometer with a camera and microscope (Álvarez

et al., 2011), and was created for use with phyto-

plankton (Poulton, 2016). In autoimage mode, Flow-

CAM will take a user-defined number of photos each

second; this mode is recommended for both high-

density samples (Fluid Imaging Technologies Inc.,

2011) and for preserved samples (Poulton, 2016).

Each zooplankton sample was processed in its entirety

with FlowCAM. We used a 29 magnification and the

flow cell type FC1000FV (1000 lm depth, 3000 lm
width) which allows for the study of particles up to

2.5 mm in size (Harry Nelson, Fluid Imaging, Pers.

Comm.). The same tubing (inner diameter 0.4 cm)

was used in all experiments. We used a 12.5-ml pump

for all trials. Before processing, we diluted samples to

decrease animal density and reduce clogging of the

instrument, and added 5% Polyvinylpyrrolidone

(PVP) solution to increase viscosity so that large,

fast-moving zooplankton could be imaged properly.

We increased FlowCAM’s efficiency to 100%, even

though it was not recommended by the manufacturer,

owing to particles being photographed multiple times.

We used this setting because we were primarily

interested in photographing at least one of each spiked

species in these samples, and increased efficiency

ensured that we were capturing the entire sample.

Sample images were manually post-processed by a

knowledgeable taxonomist before analysis. This

included the removal of multiple images of the same

individual (which are known by having the same

X value and changing Y values as the particle passes

through the flow cell) as well as images containing

only debris and phytoplankton. Post-processing is an

essential part of FlowCAM operation as the instrument

does not automatically eliminate images of groups that

are not being studied (Fluid Imaging Technologies

Inc. 2011). Post-processing was done manually by a

knowledgeable taxonomist so that experimental

images were not accidentally removed.

FlowCAM samples could not be processed in

smaller sampling efforts (100, 300, 1000, and 5000

individuals) due to the deformation of zooplankton

frommultiple runs, thus we simulated the subsampling

process using images from the total sample runs in

VisualSpreadsheet (Fluid Imaging Technologies Inc.,

2011). We used a random number generator in

Microsoft Excel to select images for each of these

computer-generated trials, which were then analyzed

by VisualSpreadsheet as separate entities.

Table 1 Names of the four spiked species used in the exper-

iments as well as the abundances spiked into each sample jar

Spiked species Jar 1 Jar 2 Jar 3 Jar 4 Jar 5

Daphnia longicephala 1 10 25 50 5

Daphnia lumholtzi 10 25 50 5 25

Eubosmina longispina 25 5 5 10 1

Evadne nordmanni 10 5 10 1 5

Each sample jar was spiked with the four Cladocera species at

one of five abundances (1, 5, 10, 25, and 50 individuals). Too

few individuals were procured to test all spiking abundances

for all species. We were unable to run trials with 1 Daphnia

lumholtzi, 50 Eubosmina longispina, nor 25 or 50 Evadne

nordmanni
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We created FlowCAM image training sets with

VisualSpreadsheet by choosing high-quality photos

representing each spiked individual in varying orien-

tations, which were captured in situ throughout the

experiment. Next, we used auto classification, which

consisted of the computer comparing image training

sets to each sample image, and flagging images that

were statistically similar to each training set (Fluid

Imaging Technologies Inc., 2011). Flagged images

were expected to portray each spiked species. After

the automatic classification was complete, we manu-

ally sorted through all sample photos to find images of

the spiked species to compare automatic and manual

classification.

Statistical analysis

We analyzed the effect of replicates, abundance of

spiked species, distinctiveness, total number of indi-

viduals counted, and identification technique used

(microscopy versus manual FlowCAM) on the prob-

ability of detecting at least one of each spiked species

using multiple logistic regression in R (R Develop-

ment Core Team, 2016). Because there was no

significant effect of replicate, we eliminated it from

the model. We then tested the effect of predictor order

on statistical results by reordering predictors in the

input model. Three of the predictors [(i.e., abundance

of spiked species, distinctiveness, and individuals

counted] remained highly significant (p\ 0.001)

irrespective of model order. However, identification

technique varied from significant (p = 0.018) to non-

significant (p = 0.142) depending on where it

appeared in the model. Therefore, we constructed

separate GLMs for each identification technique using

the remaining significant predictors separately to

predict probabilities for each species and spiking

abundance over the full range of counting efforts and

visualize the results of the multiple logistic regression

analysis. In order to quantify differences in distinc-

tiveness, we used these GLMs to compare the

predicted probability of finding at least one of each

spiked species, at each spiking abundance, when 300

individuals were counted for both taxonomic and

manual FlowCAM analyses. The value 300 was

chosen as it is a subsample size commonly used by

zooplankton ecologists when counting plankton sam-

ples for community analyses (Zhan et al., 2013; see

Fig. 1). Additionally, we compared the observed and

expected probabilities of finding at least one spiked

species for both techniques when one individual was

spiked into the sample and 300 individuals were

counted (Table 2). We created contingency tables to

visualize where false positives and false negatives

may have occurred in our dataset (Table 3). We

graphically compared the total number of spiked

individuals that were detected for each spiking inten-

sity and each species, and also compared the total

detected using microscopy versus manual FlowCAM

classification. We used a linear regression ANOVA to

compare the proportion of individuals detected for

each spiking abundance when the entire samples were

counted.

Results

Literature survey

In our search of recently published papers, we

identified a total of 61 papers that utilized microscope

identification to characterize the zooplankton com-

munity or its components. Of these, the largest fraction

(28 papers) specified some minimum number of

zooplankton counted. An additional 18 papers were

based on processing volumetric subsamples without a

target minimum count, 12 counted all the individuals

in each sample, and three did not specify what fraction

of zooplankton were counted (Fig. 1). Within the 28

papers that specified a minimum number counted, 22

(79%) specified 300 individuals or less.

Hypothesis 1: spiking abundance

The probability of finding at least one individual was

positively related to the number of individuals spiked

into samples (Table 2). The probability of finding at

least one spiked individual using microscopy was

positively related to spiking abundance (Fig. 2). We

also found a positive relationship between spiking

abundance and probability of finding at least one of

each spiked species with the FlowCAM analysis,

except when comparing five and ten individuals,

which was likely due to a higher number of false

positives in the former (Fig. 2). FlowCAM performed

significantly better than traditional microscopy at

finding at least one of each spiked species except for

Evadne nordmanni (Table 2).
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False positives occurred only at the lowest spiking

intensities (i.e., 1 and 5 individuals added), whereas

false negatives occurred in virtually all samples at

higher spiking intensities (Fig. 4). For each data point,

the absolute difference between the point and the 1:1

line represents the minimum error.

Hypothesis 2: species distinctiveness

Species distinctiveness was a significant predictor of

the probability of finding at least one spiked species

(Table 3). Daphnia longicephala was the most likely

of the four spiked species to be discovered using both

microscopy and FlowCAM analysis when 300 indi-

viduals were counted, followed closely by Daphnia

lumholtzi (Fig. 3). Eubosmina longispinawas the least

likely to be found when using microscopy, while

Evadne nordmanni had the lowest probability of

detection when 300 total individuals were enumerated

using FlowCAM (Fig. 3).

Hypothesis 3: total number counted

We observed a positive relationship between the

probability of finding at least one of each of the four

spiked species and the total number of individuals

counted for both taxonomic analysis and manual

FlowCAM classification analysis (hereafter referred to

as FlowCAM analysis) (Table 2; Fig. 2) (See Appen-

dix 1 for raw counts).

Differences between microscopy and FlowCAM

When one individual was spiked into our sample and

300 total individuals counted, the average expected

probability of finding at least one spiked individual

was 3.60%, while the observed frequency ranged

between 4.58 9 10-3 and 1.00% for microscopy and

between 0.10 and 3.00% with FlowCAM (Fig. 3).

Although both techniques performed worse than

expected, FlowCAM seemed to perform better than

microscopy at detecting species spiked at very low

abundance. Visual comparison of the number of

individuals detected with each of the two methods

(Fig. 5) suggested that FlowCAM underperformed

microscopy at detecting all spiked individuals. How-

ever, when we assessed the effects of species, counting

method, and spiking abundance on the proportion of

the total number of spiked zooplankton detected whenT
a
b
le

2
E
x
p
ec
te
d
p
er
ce
n
t
p
ro
b
ab
il
it
ie
s
o
f
fi
n
d
in
g
at

le
as
t
o
n
e
o
f
ea
ch

sp
ik
ed

sp
ec
ie
s
w
h
en

1
in
d
iv
id
u
al

is
ad
d
ed

to
th
e
sa
m
p
le
,
an
d
w
h
en

3
0
0
to
ta
l
in
d
iv
id
u
al
s
ar
e
co
u
n
te
d

S
am

p
le

T
o
ta
l

n

N
u
m
b
er

sp
ik
ed

E
x
p
ec
te
d

p
ro
b
ab
il
it
y
(%

)

M
ic
ro
sc
o
p
y

F
lo
w
C
A
M

D
a
p
h
n
ia

lo
n
g
ic
ep
h
a
la

D
a
p
h
n
ia

lu
m
h
o
lt
zi

E
u
b
o
sm

in
a

lo
n
g
is
p
in
a

E
va
d
n
e

n
o
rd
m
a
n
n
i

D
a
p
h
n
ia

lo
n
g
ic
ep
h
a
la

D
a
p
h
n
ia

lu
m
h
o
lt
zi

E
u
b
o
sm

in
a

lo
n
g
is
p
in
a

E
va
d
n
e

n
o
rd
m
a
n
n
i

1
7
4
3
4

1
4
.0
0

1
.0
9

N
/A

\
0
.0
1

0
.0
2

3
.2
9

N
/A

0
.3
5

0
.1
0

2
9
2
7
0

1
3
.0
0

1
3
.9
9

5
.8
2

0
.6
5

3
.0
2

5
5
.9
4

3
3
.7
7

1
1
.5
5

3
.6
0

3
8
2
1
3

1
4
.0
0

2
9
.6
1

1
1
.5
9

1
.6
7

7
.4
6

4
5
.7
2

2
5
.2
8

7
.9
7

2
.4
2

4
8
5
5
0

1
4
.0
0

4
6
.3
2

4
1
.0
1

3
.3
6

N
/A

7
3
.2
6

5
2
.3
9

2
1
.9
9

N
/A

5
9
8
1
8

1
3
.0
0

6
5
.5
5

6
0
.5
1

N
/A

N
/A

7
4
.2
3

5
3
.6
4

N
/A

N
/A

T
h
e
ex
p
ec
te
d
p
ro
b
ab
il
it
ie
s
w
er
e
ca
lc
u
la
te
d
w
it
h
th
e
h
y
p
er
g
eo
m
et
ri
c
eq
u
at
io
n
as

d
es
cr
ib
ed

in
(W

ro
u
g
h
to
n
&

C
o
le
.
2
0
1
3
),
b
as
ed

o
n
th
e
es
ti
m
at
ed

to
ta
l
n
u
m
b
er

o
f
in
d
iv
id
u
al
s
in

ea
ch

sa
m
p
le
ja
r.
T
h
ey

d
o
n
o
t
co
n
si
d
er

ei
th
er

th
e
v
ar
y
in
g
d
is
ti
n
ct
iv
en
es
s
o
f
sp
ik
ed

sp
ec
ie
s
o
r
th
e
ef
fe
ct
o
f
ta
x
o
n
o
m
ic
se
ar
ch

im
ag
e.
E
x
p
er
im

en
ta
l
p
er
ce
n
t
p
ro
b
ab
il
it
ie
s
o
f
fi
n
d
in
g
at

le
as
t
o
f
o
n
e
o
f
ea
ch

o
f
th
e
sp
ik
ed

sp
ec
ie
s
w
h
en

3
0
0
in
d
iv
id
u
al
s
w
er
e
co
u
n
te
d
fo
r
b
o
th

ta
x
o
n
o
m
ic

(t
o
p
p
an
el
)
an
d
m
an
u
al

F
lo
w
C
A
M

(b
o
tt
o
m

p
an
el
)
an
al
y
si
s.
N
o
t
al
l
sp
ik
in
g

ab
u
n
d
an
ce
s
w
er
e
u
ti
li
ze
d
w
it
h
al
l
sp
ec
ie
s;

‘‘
N
/A
’’
re
fl
ec
ts

an
ab
se
n
ce

o
f
a
sp
ik
in
g
ab
u
n
d
an
ce
.
S
ee

F
ig
.
3
fo
r
a
g
ra
p
h
ic

re
p
re
se
n
ta
ti
o
n
o
f
th
es
e
d
at
a

58 Hydrobiologia (2018) 807:53–65

123



the entire sample was counted, we initially found no

significant effect of counting method (ANOVA,

P = 0.315). Lack of difference between counting

methods appears to be due to the very high rate of false

positives for both methods when spiking abundances

were very low (Fig. 5), thus we analyzed the low

spiking abundances (1 or 5 individuals added) and

high spiking abundances (10, 25, or 50 added)

separately. In this case, we found no significant

difference between microscopy and FlowCAM for

low abundances (Fig. 5, ANOVA, p = 0.932), though

FlowCAM underperformed when spiking intensity

was high (Fig. 5, ANOVA, P\ 0.001).

Discussion

Plankton ecologists have struggled for decades with

the problem of identifying the full complement of

species present in lakes or marine waters (e.g., Arnott

et al., 1998; Ficetola et al., 2008; Harvey et al., 2009;

Hoffman et al., 2011). Species present at very low

abundance or those with marked spatial or temporal

heterogeneity may be exceedingly difficult to find

(Delaney & Leung, 2010). Here, we have demon-

strated that the ability to find rare species in lake

plankton samples is positively related to their abun-

dance in the sample, to the distinctiveness of the target

species, and to sampling effort (total number of

individuals counted). Importantly, we found that

typical subsampling efforts are too small to detect

rare species in most aquatic systems.

We found positive relationships between the num-

ber of individuals counted and spiking abundance on

the probability of finding at least one spiked individ-

ual. Similarly, Harvey et al. (2009) found that

increased sampling effort and increased density of an

invasive Cladoceran in Lake Ontario resulted in higher

probabilities of detection. Based on typical subsam-

pling effort used for plankton (\ 300 individuals, as

shown in our literature survey), our analysis indicates

that many rare species or newly colonized NIS are

unlikely to be detected (e.g., false negatives). These

patterns are consistent with the work by Hoffman et al.

(2011), who observed that rare species would require a

very large counting effort for detection. In this

experiment, we enumerated enough individuals to

find the full complement of Cladocera present in

Hamilton Harbour as well as all of our spiked species

(n = 14); however, Hoffman et al. (2011) detected

only 38 of an estimated 88 zooplankton species in

Duluth-Superior Harbour when enumerating the same

total number of individuals. Additionally, we esti-

mated that in order to detect 95% of all species, one

would need to count 14,600 individuals (data not

shown), whereas Hoffman et al. (2011) estimated it

would require 500,000 individuals. This difference

may be due to the differences in local communities as

well as to the fact that we only enumerated Cladocera,

whereas they enumerated all zooplankton. Both

Table 3 Mean ± SD

number of individuals

detected for each species at

each spiking intensity

NA indicates that the given

species was not spiked at

that intensity, due to

insufficient samples

Daphnia longicephala Daphnia lumholtzi Eubosmina longispina Evadne nordmanni

Taxonomy

1 3.0 ± 0.0 NA 0.0 ± 0.0 0.0 ± 0.0

5 4.67 ± 0.6 7.0 ± 1.0 3.3 ± 1.8 6.2 ± 1.2

10 10.0 ± 0.0 10.0 ± 1.0 11.0 ± 0.0 5.5 ± 0.8

25 21.7 ± 1.5 22.7 ± 2.7 21.7 ± 1.2 NA

50 37.7 ± 2.1 37.7 ± 3.8 NA NA

FlowCAM

1 2.7 ± 1.2 NA 0.0 ± 0.0 2.3 ± 3.2

5 5.3 ± 1.2 6.3 ± 2.1 1.7 ± 0.8 3.3 ± 3.2

10 6.7 ± 0.6 7.3 ± 1.2 7.3 ± 1.2 3.2 ± 1.9

25 18.3 ± 3.1 16.7 ± 1.4 10.7 ± 2.9 NA

50 31.7 ± 1.5 27.7 ± 5.5 NA NA
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studies illustrate the need to reduce false negatives

when looking for rare species; however, it is often

time-consuming and expensive to enumerate large

numbers of individuals to resolve the problem.

In this study, false negatives were more common

than false positives (Fig. 4), especially at higher

spiking intensities. Although this figure gives us an

overall picture of false or missed identifications, it

does not account for hidden offsetting false positives

and false negatives which would be impossible to

identify based on count data alone. Thus, there may

exist cases where some individuals are correctly

identified, others missed (i.e., false negatives), and

other cases where other species are misidentified and

included (i.e., false positives). Thus, even experimen-

tal values that match the spiked-in totals may contain

offsetting false positives and false negatives, and

differences between the experimental value and

spiked-in total represent a minimum number of

individuals missed or misidentified. Because both

microscopy and FlowCAM ultimately rely on a

taxonomist to identify species, the methods are likely

equally vulnerable to false negatives. To reduce the

risk of missing a potential invader due to a false

Fig. 2 Generalized linear

model exploring the effect

of the number of

zooplankton spiked into

each sample and the total

number of individuals

counted on the probability of

finding at least one of each

spiked species. Figures are

based on taxonomic analysis

(top panel) and manual

FlowCAM classification

analysis (bottom panel)
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negative, we suggest combining microscopy and

FlowCAM with risk assessment and environmental

DNA (eDNA) approaches to flag high-risk species to

guide the search. By using multiple methodologies, it

may be possible to reduce false negatives, and the

harm that may occur if an invasive NIS establishes a

new population undetected.

The detection likelihood of spiked species was

related to their distinctiveness, though not in the way

that we had hypothesized. Both D. longicephala and

D. lumholtzi were predicted to have medium distinc-

tiveness, however, these two species were the easiest

of the four to find with both techniques. This finding

may stem from the very large size of D. longicephala

(up to 5 mm; Hebert, 1977), which allows for easy

identification, whileD. lumholtzi has a very large head

helmet and large tail spine that allow it to be readily

distinguished from other species (Haney et al., 2013).

We expected that Eubosmina longispina would be the

least distinctive of the four species, and indeed, it was

the least likely spiked species to be found using

microscopy. E. longispina is morphologically similar

to many native species in Hamilton Harbour, which

may cause it to be misidentified. We hypothesized

Evadne nordmanni to have high distinctiveness,

although it was the least likely to be found using

FlowCAM. The low probability of finding at least one

of this species may have stemmed from its small size

and very clear body when assessed using bright-field

microscopy (Smirnov & Timms, 1983). This made it

easy to overlook even though there were no morpho-

logically similar species in our sample. It is important

to point out that distinctiveness is a measure of how

morphologically different the target species is relative

to other species in the sample, thus distinctiveness of a

species will vary depending on the community in

which it is present. A recent study detected distinct

differences in the ‘background’ communities of sev-

eral high-risk ports throughout Canada, and suggested

that enhanced understanding of species present in each

community will facilitate detection of rare species

(Chain et al., 2016).

Ricciardi & Atkinson (2004) rated distinctiveness

of invaders based on phylogeny, where distinctive NIS

belonged to genera not already present in the recipient

region. Although this analysis is similar to the one

used in this study in that it compares the target species

to the recipient community, it brings to light differ-

ences between phylogenetic distinctiveness and

detectability. In this study, E. nordmanni was

Fig. 3 Probability of finding at least of one of each spiked

species when 300 individuals were counted. This figure encom-

passes both taxonomic analysis (top panel) and manual

FlowCAM analysis (bottom panel), as well as all spiking

abundances. It must be noted that for not all spiking abundances

were utilized with all species. NAs indicate spiking abundances

that were not utilized for a particular species.Daphnia lumholtzi

did not have a spiking abundance of 1, Eubosmina longispina

did not have a spiking abundance of 50, and Evadne nordmanni

did not have a spiking abundance of either 25 or 50
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considered the most phylogenetically distinct species;

however, it had low detectability because of its small

size and clear (under light microscopy) body. Addi-

tionally, the sensitivity of the technique used will have

an effect on detectability of the target species,

although it will not change the morphological distinc-

tiveness of the species.

At the outset of this study, reference samples

lacking spiked species were counted first, following

which samples were spiked with varying abundances

of the four unknown species. As subsample counting

progressed and we discovered possible spiked species

that were not recorded in the reference sample, it is

likely that a taxonomic ‘search image’ for spiked

species was developed. In other words, the spiked

species were no longer unknowns and we were able to

search for their particular morphologies in the sam-

ples. The order in which samples were systematically

processed precludes the possibility of testing this

hypothesis. The formation of a search image would

inflate detection of unknown species in spiked sam-

ples. Nevertheless, a taxonomic search image could be

beneficial for monitoring if an experienced taxonomist

flags individuals suspected as uncharacteristic of the

community they know well.

We compared the calculated expected probability

to the range of observed detection frequencies of

finding at least one spiked species when one individual

was spiked into the sample and 300 total individuals

were counted. We found that for both techniques, the

observed range of probabilities was relatively low.

These results suggest that both species-specific char-

acteristics and the technology used have an effect on

the probability of finding low abundance species when

counting efforts are low (Fig. 3). Both of our methods

exhibit markedly less sensitivity at detecting rare

species than Zhan et al.’s (2013) molecular methods,

as they were able to detect a single sequence of a

spiked species in a mixture of 26,639 sequences

(detection to as low as 0.0037%).

Automatic FlowCAM classification, whereby the

computer identified images of the spiked species in the

natural samples, generated a low average percent

accuracy (33.4%); much lower than ideal operating
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accuracy (80%) (Heather Anne Wright, Fluid Imag-

ing, pers. comm.). We initially expected that Flow-

CAM would be able to detect distinctive unknown

species even at low abundance, but that it would not be

able to differentiate between native species and non-

distinct spiked species even if the latter were spiked at

high abundance. For manual FlowCAM classification

analysis, this was supported as both D. longicephala

and D. lumholtzi (high distinctiveness) were readily

detected regardless of spiking abundance. However,

we were unlikely to find E. nordmanni (least distinc-

tive when using FlowCAM) at any spiking abundance

unless counting effort was very high (Fig. 2).

A study of copepods and phytoplankton concluded

that FlowCAM had similar abundance counts when

compared to traditional microscopy (Ide et al., 2008).

Despite the fact that FlowCAM manual classification

relies on taxonomic knowledge, it is less time-

consuming than traditional microscopy (D’anjou

et al., 2014), but not as efficient as automatic

classification (Ide et al., 2008). Additionally, Le

Bourg et al. (2015) compared traditional microscopy

to manual FlowCAM classification for a metazoo-

plankton community (including calanoid, Oithona,

and harpacticoid copepods, nauplii, gelatinous zoo-

plankton, and meroplankton; 80–1000 lm in size),

and concluded that there was no significant difference

in abundances between the two techniques. When

considering the total number of individuals detected in

this study (Fig. 5), we observed no significant differ-

ence between the two techniques when considering

low abundances (once false positives were elimi-

nated); however when spiking intensity was high,

microscopy was superior at finding all of the spiked

individuals. Therefore, when looking to enumerate the

number of rare individuals in a sample, microscopy

seems to be the superior technique. However, when

looking for at least one rare species, such as looking

for a positive identification of a newly colonized NIS,

FlowCAM is superior.

We recommend that when monitoring for rare

zooplankton, the analyst should analyze multiple

subsamples using manual FlowCAM classification.

As the automatic classification software becomes

more advanced, users will come to rely on it rather

than a manual approach. A knowledgeable taxonomist

can then flag any organisms that are morphologically

unusual. Formal taxonomic (or genetic) analysis

would then proceed only on individuals that were

flagged. False negatives can be reduced by using a

variety of methods including risk assessment to

suggest potential high-risk species that could be

introduced to the monitored area (Ricciardi & Ras-

mussen, 1998; Williamson, 1999; Leung et al., 2002)

and environmental DNA to identify species that may

be present at very low abundance (Valentini et al.

2009; Jerde et al. 2011; Zhan et al. 2014). Only by

combining the strengths of the variety of tools

available, can we maximize the probability of iden-

tifying new invasive species in time for effective

management.

Fig. 5 Comparison of the total numbers of spiked zooplankton

detected with microscopy (x-axis) and manual FlowCAM

classification analysis (y-axis) for all spiking abundances. The

solid line shows the 1:1 line. All samples were counted in

entirety. Circles represent values where counts were consistent

with (at or below) the spiked-in total; triangles represent values

where counts exceeded the spiked-in total. The lack of

significant difference between the counting methods appeared

to be driven by a very high rate of false positives for both

methods when spiking abundances were one or five

Hydrobiologia (2018) 807:53–65 63

123



Acknowledgements We thank Colin van Overdijk for

assistance with field work, Emma DeRoy for assisting with

spiking zooplankton, Drs. Linda Weiss and Marina Manca for

providing spiked species, and Joelle Pecz and Sarah-Jayne

Collins for assistance with sample processing. Financial support

was provided by an NSERC CREATE (Multiple Stressors and

Cumulative Effects in the Great Lakes to Paul Sibley) training

grant, Fluid Imaging, and by a Canada Research Chair and

NSERC Discovery Grant to HJM.

References
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