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Abstract

As tick vector ranges expand and the number of tickborne disease cases rise, physicians, veterinarians, and 
the public are faced with diagnostic, treatment, and prevention challenges. Traditional methods of active 
surveillance (e.g., flagging) can be time-consuming, spatially limited, and costly, while passive surveillance 
can broadly monitor tick distributions and infection rates. However, laboratory testing can require service 
fees in addition to mailing and processing time, which can put a tick-bite victim outside the window of po-
tential prophylactic options or under unnecessary antibiotic administration. We performed a retrospective 
analysis of a national photograph-based crowdsourced tick surveillance system to determine the accuracy 
of identifying ticks by photograph when compared to those same ticks identified by microscopy and mo-
lecular methods at a tick testing laboratory. Ticks identified by photograph were correct to species with an 
overall accuracy of 96.7% (CI: 0.9522, 0.9781; P < 0.001), while identification accuracy for Ixodes scapularis 
Say (Ixodida: Ixodidae), Amblyomma americanum Linnaeus (Ixodida: Ixodidae), and Dermacentor variabilis 
Say (Ixodida: Ixodidae), three ticks of medical importance, was 98.2% (Cohen’s kappa [κ] = 0.9575; 95% CI: 
0.9698, 0.9897), 98.8% (κ = 0.9466, 95% CI: 0.9776, 0.9941), and 98.8% (κ = 0.9515, 95% CI: 0.9776, 0.9941), 
respectively. Fitted generalized linear models revealed that tick species and stage were the most significant 
predictive factors that contributed to correct photograph-based tick identifications. Neither engorgement, 
season, nor location of submission affected identification ability. These results provide strong support for 
the utility of photograph-based tick surveillance as a tool for risk assessment and monitoring among com-
monly encountered ticks of medical concern. 
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Tickborne disease is a widespread and growing public health 
problem in the United States. The Centers for Disease Control and 
Prevention (CDC) report that between 2004 and 2016, the incidence 
of tickborne disease doubled, and Lyme disease accounted for 82% 
of human cases (Rosenberg et al. 2018). Incidence of rickettsial dis-
eases like anaplasmosis and ehrlichiosis has also risen (Dahlgren 
et  al. 2011, Mogg et  al. 2020). The documented increase in cases 
is dependent on numerous known and unknown factors, including 
improved surveillance and testing, but with one major contrib-
utor being the range expansion of disease vectoring ticks. The two 
main Lyme disease vectoring ticks, blacklegged (deer) ticks (Ixodes 
scapularis Say [Ixodida: Ixodidae]) in eastern and midwestern states 
and its western blacklegged counterpart (Ixodes pacificus Cooley & 
Kohls [Ixodida: Ixodidae]), increased their recorded county presence 
by 44.7% in the past 20 yr (Eisen et al. 2016). Numerous sources of 

surveillance data also suggest that the Lone star tick (Amblyomma 
americanum Linnaeus [Ixodida:  Ixodidae]), responsible for trans-
mitting Ehrlichia chaffeensis, various rickettsial species, and trig-
gering a mammalian meat allergy, is spreading north- and west-ward 
(Springer et  al. 2014, Christenson et  al. 2017, Sonenshine 2018, 
Jordan and Egizi 2019, Nelder et al. 2019).

Long-term tick surveillance is an important method for tracking 
tick population distributions and the relative public health risk to 
humans and companion animals. Active surveillance, most often con-
ducted using flagging, dragging, or chemical-attractant lure methods, 
survey ticks directly in the field and can establish important disease 
risk metrics like density of nymphs and density of infected nymphs/
entomological risk index for Lyme disease and other tickborne patho-
gens (Mather et  al. 1996, Pepin et  al. 2012, Johnson et  al. 2018). 
However, these methods are often time, labor, and financially limiting.
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An alternative sampling strategy is passive surveillance in which 
tick specimens are submitted directly from the public or partnering 
agencies like hospitals, wildlife and veterinary clinics, and hunting sta-
tions (Lee et al. 2019). While often regarded as a less robust sampling 
method, passive tick collection provides wide spatio-temporal sam-
pling reach, and facilitates the ability to collect additional attributes 
regarding the behavior of human, domestic, and wild animal hosts, 
pathogen infection prevalence, and new disease detection (Ogden et al. 
2006; Rand et al. 2007; Tulloch et al. 2017; Nieto et al. 2018; Xu et al. 
2018, 2019; Porter et al. 2019). The use of passive submissions has 
been successfully shown to be a reliable measure of tick abundance, 
and was also shown to provide an accurate indication of human di-
sease risk (Xu et al. 2016, Nieto et al. 2018, Ripoche et al. 2018).

Much fear exists within the public regarding Lyme disease, 
which is characterized to be a dangerous, insidious, and difficult-to-
diagnose and -treat infection (Aronowitz 1991, Herrington 2004, 
Auwaerter et al. 2011). This anxiety combined with a confusion re-
garding which tick species (I.  scapularis and I. pacificus in North 
America) and stages (nymphs and adults) transmit the disease-
causing bacteria have led to the belief that prophylaxis should be 
taken regardless of the duration and type of tick bite (Mather and 
Mather 1990, Auwaerter et  al. 2011, Kopsco et  al., in review). 
Current Infectious Disease Society of America recommendations 
suggest that simple species identification and feeding time assess-
ment are enough to establish whether prophylaxis should be admin-
istered (Wormser et al. 2006), both of which can be easily provided 
by photographic surveillance. Additionally, photo-based submission 
can overcome the limitations to submitting in-hand tick specimens, 
such as delays related to mailing and processing time, which can 
put a potential Lyme-disease-carrying tick-bite victim outside the 
window of potential prophylactic options, or under unnecessary an-
tibiotic administration and worry. However, inconsistencies in photo 
quality and similar-looking rare and more common ticks can po-
tentially limit the accuracy and reliability of such a method. In the 
only study reported to date that examined the ability of trained re-
searchers to identify tick species by photograph, Koffi et al. (2017) 
found that with proper photo quality, trained entomologists could 
prospectively identify commonly encountered ticks correctly to spe-
cies with 97.2% accuracy (Kappa [κ] = 0.92, Z = 15.46, P< 0.001).

We sought to retrospectively examine the accuracy of tick iden-
tifications in a longstanding photo-based surveillance system by 
comparing ticks identified by photograph with those identified via 
microscopy with molecular confirmation. We hypothesized that tick 
photographs were identified correctly to species by trained tick re-
searchers at least 90% of the time. We expected that tick life stage, 
the region of submission, and researcher-expressed uncertainty in an 
identification would most strongly contribute to a correct tick identi-
fication. Specifically, we anticipated that nymph stage ticks would be 
incorrectly identified more often than adult stage ticks, submissions 
from regions that had a greater diversity of tick species that appear 
visually similar (e.g., Dermacentor spp.) would be incorrectly identified 
more often than those from locations with visually distinct species, and 
that submissions with poor images (e.g., Fig. 1B) for which researchers 
could not confidently determine a species would be incorrectly identi-
fied more often than those submissions with quality images.

Methods

Data Collection
We compared photograph submissions of tick species sent to 
TickSpotters, a passive surveillance program at the University of 
Rhode Island’s TickEncounter Resource Center (www.tickencounter.

org/tickspotters), to matched in-hand tick specimens sent to the 
TickReport program at the University of Massachusetts’ Laboratory 
of Medical Zoology (www.tickreport.com) from 2015 to 2017. 
Included within the TickSpotters program response email is a sugges-
tion for tick testing, and a link to the TickReport program submis-
sion page. Due to this connection, it was assumed that there would 
be a certain amount of overlap in tick submissions to both programs.

The TickReport program provides tick identification and path-
ogen testing services. They collect mailed tick specimens and record 
a preliminary species and stage identification during microscopic 
examination of both the dorsal and ventral surfaces of the tick. 
Identification to species level is confirmed using real-time quanti-
tative polymerase chain reaction, and equivocal results are resolved 
with DNA sequencing.

For tick surveillance purposes and assistance in photograph 
identification, the TickSpotters program asks participants to include 
with their photograph the date when the tick was discovered, the 
most reasonable zip code of encounter, whether there was any travel 
history in the previous 5 d, and whether the tick was found on a 
person, pet, or loose in the home. A section for more elaboration on 
the encounter is also included on the submission form. Instructions 
are provided in the submission form to use top lighting and a light-
colored background to ensure a well-lit and focused photograph of 
the tick that allows the evaluator to visualize key anatomical land-
marks like number of legs, dorsal scutum, and mouthparts (Fig. 1). 
Submitters are encouraged to also include a common size reference 
like a coin, ruler, or other recognizable item.

Submissions are reviewed by a small team of formally trained 
career medical entomologists, or advanced students (referred to in 
the program as ‘TickExperts’) who are trained in tick identification, 
anatomy, and biology and directly supervised by these entomolo-
gists. Upon identifying the tick to species and stage, TickSpotters 
TickExperts also estimate the likely duration of feeding by com-
paring the submitted tick to a visual tick growth tool available on 
the TERC website (https://tickencounter.org/tick_identification/
tick_growth_comparison); feeding duration estimates are based on 
the scutal index (Yeh et al. 1995, Falco et al. 2018) and used to pro-
vide a likelihood of transmission risk assessment in the responding 
e-mail. If a tick cannot be identified to species via photograph due 
to poor photo quality (i.e., too blurry, dark, or poorly positioned 
to identify the key anatomical landmarks previously mentioned), an 
email is sent requesting an additional image, and the tick is clas-
sified as ‘Unknown’ unless a more definitive identification is made 
upon receipt of a higher quality photograph. TickSpotters data col-
lection is approved and overseen by the University of Rhode Island 
Institutional Review Board.

Comparing Datasets
We examined the distribution of overlapping submissions between 
TickSpotters and TickReport to identify the most common region 
of submission, the species and stage of ticks submitted, the engorge-
ment status, and the season of submission. A matched TickSpotters 
photo/TickReport in-hand submission was defined as any entry 
within the time period that had the same email address and was 
submitted to both programs within 48  h to conservatively match 
tick photos to mailed-in tick specimens. However, we recognize that 
these criteria still allowed for the possibility that the photograph sent 
to TickSpotters was not of the same tick that was sent to TickReport, 
resulting in a potential mismatch of photo and in-hand specimen 
results. Cross-referencing of matched submissions was conducted 
as carefully as possible, but there may have been an insignificant 
number of false negatives or false positives.
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For TickSpotters accuracy assessment, photo-based identification 
was judged incorrect when the TickSpotters-determined genus, spe-
cies, or both did not match the TickReport record. When a photo 
was too blurry or did not include the proper lighting to be identified, 
an additional photograph was requested. If a clearer photograph 
was not sent or the specimen was still unidentifiable by TickSpotters 
researchers, these entries were called ‘Unknown’ and classified as 
‘Incorrect’ identifications due to a ‘failure’ for the system to be able 
to identify from a photograph. If a TickSpotters researcher made a 
‘most likely’ identification call but was not entirely certain without 
further photographic clarification (denoted in the TickSpotters re-
sponse with question marks), the identification included a binary 
‘Certain’ or ‘Uncertain’ score, and this variable was included as a 
separate covariate in the model.

Statistical Analysis
Using TickReport identification as the reference value and the 
TickSpotters identification as the test value, we performed a classifi-
cation accuracy analysis to test the hypothesis that over 90% of the 
TickSpotters identifications (test) matched the TickReport identifica-
tions (reference) by establishing a confusion matrix to calculate the 
overall proportion of correct photograph identification to incorrect, as 
well as sensitivity, specificity, and positive and negative predictive values. 
We then performed the same test for I. scapularis, A. americanum, and 
Dermacentor variabilis Say submissions individually to establish the 
level of accuracy for these three species of particular medical concern 
and range expansion out of the entire dataset. We used Cohen’s kappa 
statistic to evaluate the inter-rater reliability between TickReport and 
TickSpotters tick identifications. Using a scale of 0–1, Cohen’s kappa 
and the corresponding CI report how well the test classifier (i.e., 
TickSpotters identification) is performing against the reference value 
(i.e., TickReport identification) beyond random chance (Landis et al. 
1977). In other words, Cohen’s kappa denotes the level of agreement 
between two categorical groups, with a value of zero indicating no 
agreement, and values close to 1 suggest perfect agreement. We opted 
for this method over simply looking at the percentage correct for each 
class of tick species because classification accuracy can be misleading 
in the event of unequal numbers of observations, as was the case for 
these data. A confusion matrix using Cohen’s kappa incorporates and 
accounts for errors such as false negative and false positives in the per-
formance prediction (Landis et al. 1977).

To model the probability of a correct tick identification by photo-
graph, we fit a logistic regression, a generalized linear model (GLM) 
that connects a binary outcome to a set of predictors using a logit 
link function (equation 1). Out of a set of eight covariates we inves-
tigated, the possible predictive factors involved with a correct tick 
photograph identification. These covariates were: encounter season, 
tick species, tick life stage, engorgement or feeding status (days), un-
certainty (binary measure) of researcher in the identification based 
on the photograph quality, state of encounter (fine spatial scale), re-
gion of encounter (broad spatial scale), and host (either loose and 
wandering, on a pet, or on a person).

log
Å

P (X)

1− P (X)

ã
= β0 + β1 X1 . . . β8X8 (1)

where the log odds, or probability (P), that a tick is identified cor-
rectly (X), is equal to the coefficients (β0 + β1...β8) multiplied by the 
values of the eight covariates as mentioned above. (X1 . . .X8). The 
log odds increase or decrease according to a one-unit change in X.

Training and testing datasets were established by randomly 
selecting 400 observations, and models were evaluated considering 
several combinations of parameters using Akaike’s Information 
Criterion (AIC) and Bayesian Information Criterion (BIC), com-
monly used model selection criterion. Upon selection of the top 
optimal models using information criterion, we performed addi-
tional model fitting using McFadden’s pseudo R, and Hosmer and 
Lemeshow goodness-of-fit (GOF) test for risk prediction and cal-
culated a receiver operator curve (ROC) on the testing dataset. 
Computation and analysis were performed in R version 3.6.1/
RStudio version 1.2.1335.

Results

Between January 2015 and December 2017, 816 overlapping re-
cords of tick photos and in-hand tick specimens were submitted 
to TickSpotters (3.83% of all submissions during this period) 
and TickReport (3.50% of all submissions during this period), 
respectively. Of the total submissions during this time period, 
TickReport received 74.7% Ixodes spp., 14.5% Dermacentor 
spp., 9.7% Amblyomma spp., and 1.1% other tick species or spe-
cimens. TickSpotters pool of submissions comprised 34.8% Ixodes 
spp., 34.8% Dermacentor spp., 17.0% Amblyomma spp., 2.3% 

Fig. 1. Examples of photographs submitted to the TickSpotters program. (A) A photograph submission that follows the guidance provided in our submission 
instructions. (B) A photograph that received an ‘Unknown’ designation and request for clearer photograph. 
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Rhipicephalus spp., while other specimens that included unidentifi-
able ticks, rare ticks, and non-tick arthropods made up 11.1% of all 
photo submissions (Fig. 2). Submissions compared were sourced pre-
dominantly from northeastern and mid-Atlantic states (67% were 
from Massachusetts, New York, Pennsylvania, Rhode Island, New 
Jersey, Maryland, and Connecticut collectively).

Tick species represented commonly encountered North American 
ticks of human and domestic animal concern, with I.  scapularis 
representing 68.6% of ticks submitted to both services, followed 
by D.  variabilis (13.9%), A.  americanum (13.4%), I.  pacificus 
(2.20%), Dermacentor andersoni Stiles (0.61%), Dermacentor 
spp. (0.49%), Ixodes spp. (0.36%), Amblyomma spp. (0.24%), 
Rhipicephalus sanguineus Latrielle (0.12%), and less common tick 
species (0.12%) (Table  1). While TickSpotters received a broader 
array of species submission, these proportions matched those re-
ceived by TickReport during the same time period. Adult ticks com-
prised 74.2% of submitted specimens, while nymphs (23.0%) and 
larvae (0.85%) were considerably less commonly submitted. Stage 
could not be determined for 1.96% of ticks submitted by photo-
graph (Table  1). Ticks submitted were mostly unfed (median en-
gorgement = 1.5 days), but demonstrated a bi-modal distribution 
with peaks at <1 d (unfed), and 3 d (partially fed), and a maximum 
fed time at 8 d. Ixodes scapularis comprised more than half of the re-
ported ticks found to be feeding for 3, 3.5, and 4 d. Ticks submitted 
to both services were predominantly found on humans (90.6%), fol-
lowed by pets (6.7%), and those found loose and wandering (2.7%) 
(Table 1). Ticks were submitted mostly in the spring (36.2%), with 
summer (28.7%) and fall (27.9%) having nearly identical submis-
sion rates, and winter (7.2%) being the least common season for 
submissions. Ixodes scapularis was the most common overlapping 

tick submitted during all seasons, and this species made up nearly 
all of tick submissions in the fall and winter months.

TickSpotters Photo Identification Accuracy Analysis
Overall, the TickSpotters researchers correctly identified ticks to 
species from photos with 96.7% accuracy (789/816; CI: 0.9495, 
0.9761; P  <  0.001). The 27 incorrect identifications included six 
submissions with poor photo quality that were determined as 
‘Unknown’ (Table 2). When examining species of particular disease 
concern for humans and pets, identification accuracy was highest 
for A. americanum (98.6%; CI: 0.9761, 0.9933; P < 0.001) (Fig. 3), 
followed by Dermacentor species (Fig.  5) including D.  variabilis, 
D. occidentalis Marx, and D. andersoni (98.6%; CI: 0.9761, 0.9933; 
P < 0.001) and I. scapularis (97.9%; CI: 0.9669, 0.9878; P < 0.001) 
(Fig. 4; Table 3).

The most commonly misidentified tick species occurred in 
order of their proportional representation, with I.  scapularis mis-
identified by TickSpotters the most (10 misidentified ticks; 1.78% 
of all I.  scapularis received), and most frequently identified as 
‘Unknown’ (Table 2). Both A. americanum (six misidentified, 5.50% 
of all A. americanum received) and D. variabilis (five misidentified, 
4.42% of all D. variabilis received) were most often misidentified as 
I. scapularis (Table 2).

Logistic Regression Model for Covariates Associated 
With Identifying a Tick by Photograph
Based on the distribution of the data and binary outcome (i.e., cor-
rect or incorrect tick identification), a logistic regression was fitted. 
After examining models containing several combinations of param-
eters and comparing them to the null (intercept only) model, the 

Fig. 2. Proportional tick species contribution to the overall submission pool for both TickReport and TickSpotters during the period from which the overlapping 
sample was taken (1 January 2015 through 31 December 2017). (A) TickReport (n  = 23,379), (B) TickSpotters (n  = 21,287), (C) overlapping matched sample  
(n = 816) of ticks that was sent to both TickReport and TickSpotters, and was used to test the accuracy of TickSpotters identifications.
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model incorporating tick species and tick stage as predictors was 
selected as optimal using both AIC and BIC (Table 4).

The optimal model (tick species and life stage) produced both 
the lowest AIC and BIC scores relative to the other models. Adding 
interactions between the two predictors within this model did not 
improve model fit. The Wald test revealed that both tick species 
and stage are significant covariates within the top model, and 
while McFadden’s pseudo R for this model was the smallest among 

models assessed (0.32; range = 0.32–0.46), an R2 value between 0.2 
and 0.4 indicates excellent fit (Domencich and McFadden 1975). 
Within 20 iterations, there were no statistically significant values 
(P < 0.05) returned in Hosmer and Lemeshow GOF tests, indicating 
that there was no significant difference between the observed data 
and the values that were predicted by the model. The ROC for the 
species + stage model reflected an area under the curve (AUC) of 
0.919, which was the largest AUC of any of the models examined 

Table 1. Demographics of overlapping TickSpotters and TickReport submissions from January 2015 to December 2017 (n = 816) 

Variable  Categories Total 
overlapping 
sample (%)

Region of residence Northeast (ME, NH, VT, MA, RI, CT, NY, PA, NJ) 576 (70.4%)
Southeast (DC, DE, MD, VA, WV, NC, SC, GA, FL, AL, TN, KY, MS, LA, AR) 120 (14.8%)
Midwest (MO, OH, IN, MI, IL, WI, MN, IA, KS, NE, SD, ND) 83 (10.3%)
Pacific (WA, OR, CA) 28 (3.4%)
Mountain (MT, CO, WY, UT, ID, NV) 5 (0.6%)
Southwest (OK, TX, NM, AZ) 4 (0.5%)

Tick species submitted Ixodes scapularis 560 (68.6%)
Dermacentor variabilis 113 (13.9%)
Amblyomma americanum 109 (13.4%)
Ixodes pacificus 18 (2.20%)
Dermacentor andersoni 5 (0.61%)
Dermacentor spp. 4 (0.49%)
Ixodes spp. 3 (0.36%)
Amblyomma spp. 2 (0.24%)
Rhipicephalus sanguineus 1 (0.12%)
Other (tick) 1 (0.12%)

Stage of tick submitted Adult 606 (74.2%)
Nymph 187 (23.0%)
Unknown 16 (1.96%)
Larva 7 (0.85%)

Tick engorgement (days) Unfed to less than 1 d fed 257 (29.3%)
1–3 d fed 372 (46.9%)
3.5–5 d fed 173 (21.6%)
>5 d 14 (2.2%)

Tick host Human 740 (90.6%)
Domesticated animal 55 (6.7%)
Loose and wandering 21 (2.7%)

Season of submission Spring (Mar. 1–May 31) 296 (36.2%)
Summer (June 1–Aug. 31) 235 (28.7%)
Fall (Sept. 1–Nov. 30) 228 (27.9%)
Winter (Dec. 1–Feb. 28) 59 (7.2%) 

Table 2. Ticks incorrectly identified by photograph through the TickSpotters program (n = 28) from January 2015 to December 2017

Tick species Number of missed identifications  
(% total of species)

Percent of overall sample 
(n = 816)

Most commonly  
misidentified as

Ixodes scapularis (n = 560) 10 (1.78%) 1.22% Unknown
Amblyomma americanum 

(n = 109)
6 (5.50%) 0.73% Ixodes scapularis

Dermacentor variabilis (n = 113) 5 (4.42%) 0.61% Ixodes scapularis
Amblyomma spp. (n = 2) 2 (100%) 0.25% Amblyomma americanum
Rhipicephalus sanguineus (n = 1) 1 (100%) 0.12% Amblyomma americanum
Ixodes pacificus (n =18) 1 (5.55%) 0.12% Rhipicephalus sanguineus
Ixodes spp. (n = 3) 1 (33.3%) 0.12% Rhipicephalus sanguineus
Dermacentor spp. (n = 4) 1 (25%) 0.12% Dermacentor variabilis
Other tick (n = 1) 1 (100%) 0.12% Rhipicephalus sanguineus

Tick life stage Number of missed identifications  
(% of total stages)

Percent of overall sample  
(n = 816) 

Most commonly  
misidentified as

Adult (n = 606) 3 0.37% Nymph
Nymph (n = 187) 0 0 Not applicable
Larva (n =7) 0 0 Not applicable
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(Fig. 6). These results suggest that the two parameters included in 
the model demonstrate strong predictive power for explaining the 
factors influencing tick identifications by photograph.

Discussion

Community science, or when scientists engage members of the 
public in data collection and other aspects of research projects, is 

an increasingly popular method for vector-borne disease surveil-
lance. Across Europe, the Mosquito Alert program, designed to em-
ploy the public to help track the invasion of Asian tiger mosquitoes 
(Aedes albopictus), found that engaging citizens for data collection 
can provide an economical and scalable method for collecting sur-
veillance data (Palmer et al. 2017). Similarly, utilizing digital and 
app-based programs have allowed scientists to recruit citizens in 
monitoring tick activity in Lyme disease-emergent areas like parts 
of southern Canada (Hines and Sibbald 2015, Lewis et al. 2018). 
In the United States, Nieto et al. (2018) established a nationwide 
tick and pathogen surveillance that identified new foci of disease 
and tick distribution, and inexpensively monitored tick risk and 
encounter demographics throughout highly tick and Lyme-endemic 
northeastern states (Porter et al. 2019). The TickReport program 
is one of the few services that provides tick species and path-
ogen testing results to the public in addition to aggregating and 
interpreting the passively collected data (Xu et al. 2016). Each of 
these methods, however, relies on the collection of and processing 
of specimens which can leave participants who encountered a 
biting tick often waiting several days for a species confirmation.

Similar to a prospective surveillance analysis (Koffi et al. 2017), 
we found that tick photographs that include adequate lighting and 
focus to visualize key anatomical features, including the scutum, 
palps, number of legs, and degree of engorgement (i.e., scutum:body 
ratio), can be correctly identified to species by those properly trained 
in tick anatomy and identification more than 90% of the time. 
According to the optimal model, TickSpotters identification accuracy 
is dependent on ticks being among the nine most commonly encoun-
tered species and life stage, and was not confounded by region of the 
country, season of submission, or engorgement of the photographed 
tick. While these findings support the reliability of tick identifica-
tion by photograph, modeling results underscore the importance of 
including size references in tick photographs, as nymphs and larvae 
were significantly less likely to be identified correctly than adult stage 
ticks. Knowledge of travel history also is critical for a photographic 
surveillance system to remain reliable given the similar-looking tick 
species that occur in different parts of the country (e.g., I. scapularis 
and I.  pacificus) and is why TickSpotters includes a question re-
garding travel on its submission site. For example, in 2016 after the 
United States eased travel restrictions to Cuba, TickSpotters started 
getting out-of-season submissions of partially engorged nymph stage 

Table 3. TickSpotters photograph tick identification confusion 
matrix accuracy analysis for A. americanum (n = 109), 
I. scapularis (n = 560), and Dermacentor spp. (n = 113)

Amblyomma  
americanum 
(n = 109)

Ixodes 
scapularis  
(n = 560)

Dermacentor  
spp. (n = 113)

Accuracy 0.9866 0.9792 0.9866
95% CI (0.9761,  

0.9933)
(0.9669, 
0.9878)

(0.9761,  
0.9933)

P value <0.001 <0.001 <0.001 
Kappa 0.9416 0.9522 0.9472
Sensitivity 0.9364  0.9786 0.9512
Specificity 0.9944 0.9806 0.9928
Positive predictive  

value
0.9626 0.9910 0.9590

Negative predictive 
value

0.9902 0.9547 0.9914

Prevalence 0.1345 0.6846 0.1491
Detection rate 0.1259 0.6699 0.1430
Balanced accuracy 0.9654 0.9796 0.9720
AUC 0.98 0.98 0.98

Fig. 3. Specificity and sensitivity analyses of TickSpotters photo-based iden-
tification of A. americanum encounters (n = 109). The number of false posi-
tives, true positives, false negatives, and true negatives in relation to the 
overall abundance of A. americanum in the overlapping submission sample 
(absent A. americanum = another tick species vs present = A. americanum) 
are shown as identified by TickReport. Each tick included in the analysis is 
represented by one of the symbols in the legend. Axes represent the percent 
of the total sample of all ticks. Proportions of absent (Tn) vs present (Tp) are 
along the x-axis, while proportions of Fn vs Tp, and Fp vs Tn can be found on 
the y-axis. (Produced in shinyApp by Allen et al. 2017.)

Fig. 4. Specificity and sensitivity analyses of TickSpotters photo-based iden-
tification of I. scapularis encounters (n = 560). The number of false positives, 
true positives, false negatives, and true negatives in relation to the overall 
abundance of I.  scapularis in the overlapping submission sample (absent 
I. scapularis = another tick species, vs present = I. scapularis) are shown as 
identified by TickReport. Each tick included in the analysis is represented by 
one of the symbols in the legend. Axes represent the percent of the total 
sample of all ticks. Proportions of absent (Tn) vs present (Tp) are along the 
x-axis, while proportions of Fn vs Tp, and Fp vs Tn can be found on the y-axis. 
(Produced in shinyApp by Allen et al. 2017.)
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Amblyomma ticks from states where Amblyomma are not known to 
occur. In four cases, questioning travel history revealed recent returns 
from Cuba, where Amblyomma cajennense is commonly encoun-
tered. Querying recent travel history can also be critical for tracking 
tick trends; one Colorado TickSpotter found a 3- to 4-d engorged 
adult female Asian longhorned tick (Haemaphysalis longicornis) on 
his dog, but we learned he had been in New Jersey with the dog 3 d 
before he found the tick.

Submission of digital photographs of ticks allows rapid (24 h or 
less) responses containing public health assurance of likely disease 
risk, and best next steps for appropriately managing the current tick 
encounter and helping prevent future tick bites. Among the most 
commonly encountered ticks in North America, disease risk and the 

pathogens transmitted by tick bite vary greatly. While blacklegged 
and western blacklegged ticks are competent vectors of Lyme disease 
bacteria, other tick species, including American dog ticks and Lone 
Star ticks, are not (Mather and Mather 1990, Stromdahl et al. 2018). 
Unfortunately, this fact is not widely appreciated or acknowledged by 
the general public, who frequently are anxious about risk of a Lyme 
disease infection following any tick encounter (Auwaerter et al. 2011, 
Fogel and Chawla 2017). If not quickly informed about the correct 
tick identification and possible disease associations, citizens will seek, 
and medical professionals will potentially treat tick bites unneces-
sarily with antibiotics. Given the increasing problem of antibiotic re-
sistance (Ventola 2015), avoiding unnecessary prophylactic treatment 
of any length is critically important. Further, properly identifying 

Table 4. GLM summaries for the five top performing models predicting tick identification accuracy by photograph

Spp + Stg Spp + Stg + Uncert Spp + Stg + Reg Spp + Stg + Reg + Sea Spp +Stg + Uncert + Reg

(Intercept) 7.61 *** 7.90 *** 8.09 *** 7.77 *** 8.38 ***
 (1.52) (1.68) (1.69) (1.80) (1.84)
Species      
 Dermacentor variabilis −4.25 ** −4.56 ** −4.73 ** −5.12 ** −5.05 **
 (1.45) (1.63) (1.68) (1.87) (1.84)
 Amblyomma americanum −0.00 −0.10 0.02 −0.35 −0.08
 (1.29) (1.31) (1.47) (1.72) (1.51)
 Ixodes pacificus 13.11 13.16 −7.05 −6.87 −6.83
 (2846.21) (2801.27) (4511.27) (33098.78) (4485.81)
 Other −6.32 *** −6.65 *** −25.43 −30.98 −25.72
 (1.77) (1.90) (3538.43) (26287.60) (3534.97)
 Amblyomma spp. −22.43 −22.33 −58.40 −72.90 −58.29
 (6522.64) (6522.64) (9879.78) (73053.23) (9878.54)
Stage      
 Nymph −3.75 ** −4.15 ** −4.17 ** −5.07 ** −4.56 **
 (1.35) (1.55) (1.46) (1.75) (1.66)
 Larva −6.51 *** −7.15 ** −7.12 *** −25.00 −7.71 **
 (1.86) (2.22) (2.09) (3350.62) (2.40)
Uncertainty      
 Uncertain  0.80   0.73
  (1.36)   (1.37)
Region      
 Southeast   −0.43 0.17 −0.37
   (1.33) (1.48) (1.35)
 Midwest   0.54 0.17 0.65
   (1.52) (1.54) (1.60)
 Pacific   20.05 25.00 19.89
   (3538.43) (26287.60) (3534.97)
 Mountain   35.91 45.78 35.91
   (7420.60) (54899.05) (7418.95)
 Southwest   14.10 19.08 14.30
   (3531.03) (25282.85) (3520.36)
Season      
 Summer    1.86  
    (1.23)  
 Autumn    35.47  
    (4562.15)  
 Winter    14.63  
    (8468.02)  
AIC 65.15 66.77 70.47 68.39 72.15
BIC 96.84 102.42 121.96 131.76 127.61
Log likelihood −24.57 −24.38 −22.23 −18.19 −22.08
Deviance 49.15 48.77 44.47 36.39 44.15
No. obs. 388 388 388 388 388

The model incorporating the covariates of tick species and tick stage was the most predictive of tick identification by photograph and chosen as the optimal 
model. Other = unidentifiable ticks, rare ticks, and non-tick arthropods. Coefficients are listed with the SEs in parentheses. Optimal model results are bolded. 
Spp = species; Stg = stage; Sea = season; Reg = region; Uncert = uncertainty.

***P < 0.001, **P < 0.01.
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when a specific tick species was encountered within the window for 
prophylaxis or prior to disease symptoms manifesting can help pre-
vent prolonged or delayed medical testing and additional associated 
medical costs (Adrion et al. 2015). In light of recent evidence showing 
differences in pathogen transmission dynamics between the two main 
Lyme disease vectors in the United States (Couper et  al. 2020), a 
photo-based surveillance system is also a potential avenue for rapid 
communication regarding risk levels encountered.

There are some limitations with this specific study as well 
as being inherent to this method of accurately identifying ticks 
from photographs. Both TickReport and TickEncounter received 
predominantly three tick species (I. scapularis, D. variabilis, and 
A. americanum). We recognize that by chance, identification accu-
racy could be falsely inflated by the increased likelihood of one of 
these three ticks being the correct identification. However, we used 
a classification accuracy analysis to mitigate this potential bias, as 

this method corrects for imbalance in sample proportions for de-
termining accuracy, sensitivity, and specificity (Dziak et al. 2012). 
More rarely encountered ticks, or ones that appear visually sim-
ilar within overlapping ranges (e.g., D. variabilis and D. andersoni 
in the western United States) were more likely to be incorrectly 
identified than ticks with more distinct ranges and appearance. 
Contextual parameters such as geographic location, travel history, 
and season in addition to a suitable size reference are still rele-
vant to proply identifiying a tick by photograph. Photos provided 
without these key pieces of information may limit the ability to 
correctly identify less commonly occurring ticks, or new imports. 
However, this is not only a critique of photo-based identification. 
Despite microscopy, H.  longicornis was misidentified as the na-
tive Haemaphysalis leporispalustris for decades until a massive 
infestation on a New Jersey farm in 2017 (Rainey et  al. 2018) 
brought their presence to light. This example demonstrates that 
visual identification alone can be mistaken if one is simply not 
expecting to encounter something new. A likely lesser limitation, 
as explained above, was the chance that the photograph identified 
by TickSpotters was not the same tick ultimately mailed into and 
identified by TickReport. Cross-referencing of matched submis-
sions was conducted as carefully as possible (same email address 
within 48 h) but there may have been an insignificant number of 
false negatives or false positives. Finally, TickSpotters often re-
ceives photo specimens of non-tick arthropods or things that citi-
zens believe are ticks (roughly 5% of submissions), but there were 
no matching submissions of non-tick specimens from TickReport 
to include in this analysis; therefore ‘not-a-tick’ identification 
ability could not be verified. Nevertheless, results from this study 
indicate that photo-based tick surveillance conducted by ento-
mology experts is a valid and accurate method for rapid identifi-
cation of commonly encountered ticks regardless of engorgement 
and can provide an important public health service in response to 
a significant and growing tickborne disease incidence.
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