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Abstract

Food wasted in primary and secondary education institutions creates nutritional losses,
financial inefficiencies, and environmental degradation. While there is some evidence of
how particular interventions within schools may influence the amount of waste created,
there is little recent information about typical levels of food waste generated in U.S. primary
and secondary schools and how waste correlates with school and meal characteristics. We
analyze data reported by more than 100 schools from 24 states as part of the World Wildlife
Fund’s Food Waste Warriors project and identify how plate and beverage waste from school
lunches are associated with school and meal service characteristics. We find schools that
permit students to choose their own amount of milk report 76% less milk waste than those
reliant upon individual milk cartons while schools that implement at least one non-curricular
intervention (e.g., a table where students can share unopened food) report significantly less
produce waste than other schools. We confirm several patterns observed or hypothesized
in the literature, including more waste generated by younger students and during the earliest
and shortest lunch periods. We document several novel associations including more plate
waste at smaller schools, during winter months and in the Northeast region. We find several
nuanced patterns of waste related to the prevalence of free and reduced meal service and
whether all meal elements are offered versus served. While this study cannot support rigor-
ous evaluation of intervention effectiveness, it provides insights into school and program
characteristics that may pose challenges for schools interested in reducing student plate
waste.

Introduction

Federal and local governments invest billions of dollars per year in school meal programs to
ensure that school-age children in the United States receive the nutrition needed to perform
well in and outside of school [1]. When children leave food and beverages unconsumed during

PLOS ONE | https://doi.org/10.1371/journal.pone.0299043 December 27, 2024

1/19


https://orcid.org/0000-0003-4228-2889
https://doi.org/10.1371/journal.pone.0299043
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0299043&domain=pdf&date_stamp=2024-12-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0299043&domain=pdf&date_stamp=2024-12-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0299043&domain=pdf&date_stamp=2024-12-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0299043&domain=pdf&date_stamp=2024-12-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0299043&domain=pdf&date_stamp=2024-12-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0299043&domain=pdf&date_stamp=2024-12-27
https://doi.org/10.1371/journal.pone.0299043
http://creativecommons.org/licenses/by/4.0/

PLOS ONE

School and meal characteristics associated with plate waste in K-12 cafeterias in the United States

Competing interests: The authors have declared
that no competing interests exist.

meals (plate waste), financial and natural resources are wasted. It is critical to study plate waste
in schools because it is more difficult to achieve the goals of school meal programs when signif-
icant sums are spent on food that is never eaten. For example, Buzby and Guthrie [2] estimated
that as much as 12 percent of the calories served as part of primary and secondary school cafe-
terias during the 1991/92 academic year were wasted, which was valued around $600 million,
while studies using US data from the 2014/15 academic year estimate that 21% of served calo-
ries became plate waste [3]. More recently, the World Wildlife Fund estimated that the value
of wasted food totaled $1.7 billion [4]. Furthermore, plate waste in schools contributes to envi-
ronmental degradation with estimates that plate waste in U.S. schools generates 1.9 million
metric tons of CO2 equivalent of greenhouse gas emission and uses 20.9 billion gallons of
water [4].

It is critical to understand which characteristics of schools and school meal programs are
associated with higher levels of plate waste in order to formulate and deploy interventions to
reduce plate waste in school cafeterias. Buzby and Guthrie [2] identified several possible rea-
sons for cafeteria plate waste including that some meals are scheduled when children are not
hungry (e.g., very early lunch periods or lunch periods before rather than after recess), devia-
tions between child food preferences and meal content, and the inability to customize portion
sizes to children’s appetites, among others. Cohen et al.’s [5] review of more recent literature
on school meal consumption points to several additional reasons for excessive plate waste
including short lunch periods and limited options for individual meal components.

The objective of the current study is to understand the association between school meal
plate waste and the characteristics of the school and its meal service. Despite significant
changes in K-12 school meal programs over time, there has been limited analysis of plate waste
patterns across U.S. schools which hampers identification of current inefficiencies and poten-
tial responses to reduce plate waste in school meal programs. Other than the large-scale
USDA-administered studies [2, 3, 6], most research on U.S. school cafeterias has gathered data
from a small number of schools in a limited geographic area, often with the intent to evaluate
specific interventions or policy changes, e.g., [7-21] (see [5] for a systematic review).

One study [22] collects food waste data from more than 500 elementary schools across the
United States during the 2019/20 school year and finds several school characteristics that are
significantly related to waste including the number of food waste reduction interventions
implemented by the school, the urbanicity of the school district, and the ethnic composition of
students. The waste measure is a school staff member’s subjective estimate (all, most, some, a
little, none) of the amount of different food categories (entrees, fruit, vegetables, milk) that is
wasted by students during a typical lunch period, which limits comparability to extant studies
that largely rely upon either direct (weighed) measures of waste or visual estimate of individual
student plates. Hence, to our knowledge, there have been no studies analyzing directly mea-
sured plate waste data from schools drawn from throughout the United States since [3], which
covered the 2014/15 school year.

Our work fills this gap by utilizing data gathered from World Wildlife Fund’s (WWEF) Food
Waste Warriors program [4], which encourages schools across the United States to conduct
audits of school cafeteria plate waste and upload the results to a centralized database as part of
an effort to teach students about food waste and its environmental impacts on the food system.
Between 2018 and 2023, staff and volunteers from 134 schools in 24 states took advantage of
this opportunity and provided data in a standardized format about the amount of plate waste
generated during the audit, school features, and characteristics of the school’s cafeteria and
meal service. We analyze nearly 500 observations of the average plate waste per student, both
in total and for four constituent categories (milk, entrees and sides, produce, and other liquids)
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and use regression analysis to identify associations between waste levels and the characteristics
of the school and meals served.

Materials and methods

Data were collected by staff and volunteers at individual schools throughout the United States
who chose to participate in a standardized audit process [23] as part of an opportunity orga-
nized and promoted by the World Wildlife Fund (WWEF). Some of the participating schools
were part of WWF’s Food Waste Warriors program, while others were not affiliated with that
program. Once collected, a staff member or volunteer affiliated with the school uploaded the
audit data and other information about the school and its meal programs into the Food Waste
Warriors Dashboard [24]. The authors were then permitted access to the uploaded data, which
are used in the analyses described below.

The WWFE prescribed methods for consistently collecting and measuring plate waste which
were shared with all volunteering schools prior to their data collection. The prescribed meth-
ods include the use of an electronic kitchen scale or luggage scale to weigh the amount of plate
and beverage waste collected from all students covered by the audit and directions for counting
the number of students participating in the cafeteria’s meal service during the audit. Some
schools entered results from a single day’s audit (i.e., covering all students in a school on a sin-
gle day) while other schools entered multiple single-day audits (e.g., one audit per day over
multiple days). Other schools submitted multiple audits from a single day by subdividing stu-
dents into different groups (e.g., conducting an audit of each grade). Each audit provides a
scale measurement of total cafeteria plate and beverage waste and the number of students who
were served the cafeteria meal, which permits the calculation of pounds of waste per student
served and permits consistent pooling of data across all audits.

Waste is reported in total and separately for produce (fruits and vegetables), all other solid
wasted food items (e.g., entrees and non-produce sides), milk, and, when applicable, all other
non-water liquids (e.g., juice and soup). Data was entered by 134 schools from 24 different
states across all four regions between August 2018 and May 2023. The average school submit-
ted 3.85 audits.

WWE directed participants to enter certain characteristics about the school, including the
number of total students in the school, the grades served by the school, whether the school was
affiliated with WWF’s Food Waste Warriors program, and any food waste reduction interven-
tions undertaken by the school (schools need not be in the Food Waste Warriors program to
undertake interventions). WWF also directed participants to enter information about several
characteristics of the school’s meal services including the length and timing of lunch periods,
the number of entrees offered on the audit day, how milk is dispensed to students (i.e., whether
student were given autonomy over the amount of milk taken or not), and whether the school
deployed an offer versus serve approach (i.e., whether the school gave students the autonomy
to decline certain elements of a meal). The school-level free or reduced lunch enrollment per-
centages were collected from state websites that published such data and matched to schools
using the school’s name and location. Eleven observations were excluded because the reported
food waste figures represent data from 10 or fewer students.

Sample summary statistics are listed in Table 1. While the sample consists of schools who
took the initiative to audit and upload data (a self-selected convenience sample), Table 1
reveals a broad array of institutions who participated, including 45% with a majority of stu-
dents receiving free or reduced-price meals and 71% who have not implemented any interven-
tions to reduce school food waste. The sample skews towards elementary schools (just over
half) and towards schools in western states (44%) with about twice as many observations
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Table 1. Summary statistics.

VARIABLES Mean or % Std. Dev.
School Characteristics
Grades Served
Elementary 54.7
Middle 33.5
High 9.2
Not reported 2.7
School Size
<500 students 88.0
500-999 students 10.6
1000 or more students 14
Students Receiving Free & Reduced Lunch
<25% 20.8
25-49% 20.8
50-74% 17.6
75% or more 27.1
Region
Northeast (CT, MD, NH, NY, VT) 9.2
West (AK, AZ, CA, CO, HI, OR, WA) 44.1
Midwest (IL, IN, NE, OH, WI) 29.0
South (FL, GA, KY, LA, NC, TN, VA) 17.8
School Meal Service Characteristics
Lunch Start Time
<1l am 26.5%
11:00-11:59 27.8
Noon or later 27.6
Not reported 18.2
Length of Lunch
< 30 mins 9.0
30 mins 28.8
> 30 mins 5.7
Not reported 56.5
Offer vs. Serve
Serve 23.1
Offer 65.3
Not reported 11.6
Milk Service Method
Cartons 89.4
Dispenser 6.8
Jug 3.8
School in WWF Program (yes = 1) 55.9
Number of entrees served 2.457 1.596
Food Waste Reduction Interventions Implemented
None 70.6
1 intervention (curricular) 9.8
> 1 intervention (curricular + other) 10.4
1 intervention (non-curricular) 6.5
> 1 intervention (non-curricular) 2.7
(Continued)
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Table 1. (Continued)

VARIABLES Mean or % Std. Dev.
Waste Audit Outcomes

Time Period

Pre-COVID 63.3

During COVID (Autum ‘20 -Spring 21) 2.0

Post COVID (Summer 21 or later) 34.7
Season

Spring 37.6

Summer 1.2

Autum 15.9

Winter 45.3
Number of previous audits 3.855 5.133
Total Plate + Beverage Waste (Ibs./student) 0.290 0.181
Produce waste (Ibs./student) 0.101 0.088
Non-produce food waste (Ibs./student) 0.109 0.125
Milk waste (Ibs./student) 0.088 0.065
Other liquid waste (Ibs./student) 0.013 0.022

Notes: N = 490 except for produce waste (N = 450), non-produce waste (N = 482), milk waste (N = 456), and other
liquid waste (N = 328).

https://doi.org/10.1371/journal.pone.0299043.t001

occurring prior to the start of the COVID pandemic. The modal and median school provides a
single audit, though several schools provided many audits (up to 27 in one case) and, hence,
the average number of audits per school is 3.9.

The distribution of the total waste is depicted in Fig 1 with separate box plots for elementary
and all other schools (middle schools, high schools and schools who did not report grade
level). To understand the school and meal level characteristics that are correlated with the
observed waste levels, we regress these characteristics on the natural logarithm of total waste
and each of the four waste subcategories using Stata (version 18.0). The distribution (Fig 1) is
clearly skewed with a long right tail (multiple outliers exceeding the upper whisker), which
motivates our natural logarithm transformation of the waste levels for the purposes of regres-
sion analysis. Statistical significance is set at the 5% level with results featuring p-values
between the 0.05 and 0.10 deemed marginally significant. We base all statistical tests on robust
standard errors for the regression estimates.

Results
Descriptive results

Average waste among the sample schools is 0.29 pounds per student per meal, which includes
roughly equal amounts of produce waste (0.10), non-produce (e.g., entrée and non-produce
sides) waste (0.11 Ibs./student), and milk waste (0.09) with a small amount of other liquid
waste (0.01). The weight of the meals served were not measured which precludes us from cal-
culating the percent of the meal that was wasted. However, served meals excluding beverages
tend to weigh no more than one pound, suggesting that at least 20% of the meal is wasted,
which aligns with USDA’s estimate that 21% of served calories in school meals are wasted [3].
To provide another reference point, in 2019 the average person in the United States wasted a
little less than a pound of food per day including items like milk that are discarded to the sewer
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Fig 1. Box plot of plate and beverage waste per student for elementary and other schools. Scale truncated at 1 Ib. per student, which omits 1 elementary
observation (1.08 Ibs./student) and 2 other school observations (1.35 and 2.39 Ibs./student).

https://doi.org/10.1371/journal.pone.0299043.9001

[25], which means that the average student in this sample wasted about 30% of the national
daily average in a single meal.

As confirmed in Table 2, plate waste is significantly greater in elementary schools with 52%
more total waste than other schools. Most schools provide waste amounts by meal component,
permitting assessment of association among waste streams (e.g., Fig 2 depicts a positive associ-
ation between produce and non-produce waste within a school) with positive correlations
between produce and non-produce (r = 0.079, p = 0.097), produce and milk (r = 0.201,

Table 2. Average plate and beverage waste by age group (Ibs./student/meal).

Variables Elementary All Other

Total Plate + Beverage Waste 0.343 0.226 n =490
(0.008) (0.014) p <0.001

Produce waste 0.113 0.085 n =450
(0.004) (0.007) p<0.001

Non-produce food waste 0.123 0.092 n =480
(0.005) (0.011) p=0.008

Milk waste 0.111 0.058 n =456
(0.0040 (0.003) p<0.001

Notes: Standard errors in parentheses. p-values are for the two-sided t-test statistics of the null hypothesis of equality
between the column figures. All Other includes middle schools, high schools and schools that did not report grade
level. No significant differences were identified between middle and high school averages other than for milk: middle
school’s reported 0.064 vs. 0.032 Ibs./student for high schools (p<0.001).

https://doi.org/10.1371/journal.pone.0299043.t002
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Fig 2. Scatter plot of plate waste from produce and non-produce foods (N = 448). Axis truncated for purposes of visualization, omitting two observations

with larger values.

https://doi.org/10.1371/journal.pone.0299043.9002

p<0.001) and milk and non-produce waste (r = 0.097, p = 0.039). We can also confirm that sig-
nificantly more waste is created in elementary schools for each of the three major meal compo-
nents (Table 2).

Regression results

The regression results for total food and beverage waste are presented in Table 3 for all schools
and for two groups of schools (elementary and all other schools) while the regression results
for three key subcomponents (non-produce, produce and milk with other liquid waste omitted
due to fewer observations and less variation) pooled across all schools are presented in Table 4.
The models generally display good fit with R? statistics ranging from 0.585 (total waste from
middle and high schools) to 0.376 (produce waste). We focus on presenting results on total
waste and highlight when patterns differ by grade level or by subcomponent.

School meal service characteristics

Several school meal service characteristics are significantly associated with total per student
waste. One core aspect of school meal service involves the length and timing of meals (Fig 3).
The regression results suggest that waste is greater when the lunch period begins before 11:00
am (Table 3, column 1). For example, total waste is about 25% lower ([exp(-0.287)-1]*100 =
-24.9%, where -0.287 is the regression coefficient) during a lunch period scheduled between
noon and 1 pm than during the omitted category (before 11 am, p <0.01). This is not signifi-
cant among older students (Table 3, column 3, p > 0.10) nor for produce waste (Table 4,
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Table 3. Total plate and beverage waste regression results.

1) (2) (3)
VARIABLES All Elementary School Middle & High School®
Lunch Start Time (< 11 am omitted)
11:00-11:59 -0.155** 0.0258 -0.320*
(0.0699) (0.0732) (0.163)
Noon or later -0.287*** -0.276*** -0.214
(0.0723) (0.0959) (0.160)
Not reported -0.479*** -0.337*** -0.511**
Length of Lunch (< 30 mins omitted) (0.0876) (0.0846) (0.208)
30 mins -0.00409 -0.182** 0.0682
(0.0809) (0.0914) (0.180)
> 30 mins -0.00526 -0.0155 0.0529
(0.124) (0.171) (0.213)
Not reported -0.0407 -0.169 0.0871
(0.0823) (0.113) (0.171)
Offer vs. Serve (serve omitted)
Offer 0.323%** 0.00171 0.540***
(0.0779) (0.139) (0.128)
Not reported 0.0729 -0.232 0.217
(0.126) (0.166) (0.255)
Free & Reduced Lunch (<25% omitted)
25-49% 0.239%** 0.178* 0.164
(0.0823) (0.103) (0.169)
50-74% 0.333%*%* 0.260** 0.410***
(0.0913) (0.109) (0.150)
75% or more 0.0569 0.0335 0.162
(0.0638) (0.0776) (0.127)
Not reported 0.149 0.0196 0.252*
(0.0961) (0.134) (0.150)
Grades Served (elementary omitted)
Middle & high school -0.470***
(0.0551)
Not reported -0.587*** 0.0467
(0.191) (0.350)
School Size (<500 students omitted)
500-999 students -0.782*** -0.241* -1.257***
(0.143) (0.134) (0.381)
1000 or more students -0.167 -0.0666 -0.141
0.312) (0.213) (0.457)
Milk Service Method (in cartons omitted)
By dispenser or jug -0.496™** -0.593*** -0.523%**
(0.107) (0.114) (0.258)
Not reported 0.213** 0.165 0.375
(0.107) (0.114) (0.258)
School in WWF Program -0.0936 -0.140 -0.316
(0.125) (0.116) (0.608)
Interventions Implemented (none omitted)
1 intervention (curricular) 0.0364 0.0549 -0.0228
(Continued)
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Table 3. (Continued)

) (2 (3
VARIABLES All Elementary School Middle & High School®
(0.0707) (0.0852) (0.110)
> 1 intervention (curricular + other) -0.101 -0.0894 -0.221
(0.0822) (0.103) (0.157)
1 intervention (non-curricular) -0.270** -0.0397 -0.663
(0.107) (0.0695) (0.424)
> 1 intervention (non-curricular) -0.0362 -0.160 0.113
(0.130) (0.151) (0.261)
Time Period (pre-COVID omitted)
During COVID (Autum 20 -Spring 21) -0.718** -0.883*** -0.234
(0.288) (0.310) (0.609)
Post COVID (Summer 21 or later) -0.0723 -0.0459 -0.284
(0.135) (0.144) (0.617)
Season (Spring omitted)
Summer -0.0379 -0.101 0.219*
(0.216) (0.250) (0.115)
Autumn 0.125 -0.0571 0.343**
(0.0893) (0.105) (0.154)
Winter 0.192*** 0.159*** 0.223**
(0.0565) (0.0569) (0.103)
Region (Northeast omitted)
West -0.205* -0.00434 -1.106***
(0.118) (0.158) (0.243)
Midwest -0.321%* -0.0495 -1.188***
(0.128) (0.149) (0.260)
South 0.0966 0.0570 -0.810™*
(0.137) (0.176) (0.320)
Number of entrees served 0.0286* -0.00183 0.0273
(0.0155) (0.0182) (0.0243)
Number of previous audits -0.00195 -0.00119 0.00910
(0.00445) (0.00711) (0.00737)
Constant -1.103*** -0.817*** -0.782
(0.208) (0.264) (0.697)
Observations 489 268 221
R-squared 0.522 0.382 0.585

Notes: a—this column also includes schools that did not report grade level. Robust standard errors in parentheses
% 520,01

* p<0.05

* p<0.1.

https://doi.org/10.1371/journal.pone.0299043.t003

column 2, p > 0.10). However, the duration of the lunch period had no significant net associa-
tion with total waste or any subcomponent, though lunch periods of 30 minutes yield about
17% less total waste among elementary students than when lunch periods are shorter than this
(Table 3, column 2, p< 0.05). We note that the duration of a school’s lunch period was not
reported for the majority of observations, providing us with less confidence in interpreting
these results.
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Table 4. Waste by food type regression results.

1 (2 (3
VARIABLES Non-produce Produce Milk
Lunch Start Time (< 11 am omitted)
11:00-11:59 -0.294*** -0.179 -0.172*
(0.106) (0.128) (0.0925)
Noon or later -0.521%** -0.132 -0.270***
(0.117) (0.134) (0.0933)
Not reported -0.506*** -0.509*** -0.383***
Length of Lunch (< 30 mins omitted) (0.129) (0.149) (0.125)
30 mins 0.107 0.133 -0.0495
(0.120) (0.124) (0.107)
> 30 mins 0.105 -0.194 0.103
(0.189) (0.190) (0.183)
Not reported -0.0511 0.0592 -0.310%**
Offer vs. Serve (serve omitted) (0.130) (0.116) (0.116)
Offer 0.512%** 0.425%** 0.0540
(0.108) (0.109) (0.115)
Not reported 0.205 0.0514 -0.0800
(0.170) (0.191) (0.190)
Free & Reduced Lunch (<25% omitted)
25-49% 0.0960 0.415%** 0.109
(0.126) (0.120) (0.113)
50-74% 0.0261 0.629%** 0.147
(0.120) (0.134) (0.127)
75% or more -0.234** 0.241** 0.228™*
(0.0978) (0.0974) (0.0974)
Not reported 0.177 0.297** 0.195
Grades Served (elementary omitted) (0.133) (0.141) (0.225)
Middle & high school -0.354*** -0.461*** -0.688***
(0.0799) (0.0825) (0.0829)
Not reported 0.334 -0.271*
School Size (<500 students omitted) (0.271) (0.151)
500-999 students -0.709*** -0.992%** -0.611%**
(0.204) (0.142) (0.203)
1000 or more students 0.269 -0.910*** -0.814***
(0.404) (0.245) (0.309)
Milk Service Method (in cartons omitted)
By dispenser or jug -0.301** -0.135 -1.413%**
(0.125) (0.144) (0.178)
Not reported 0.448** 0.261 0.321
(0.177) (0.138) (0.138)
School in WWEF Program 0.0448 0.0640 -0.139
Interventions Implemented (none omitted) (0.135) (0.173) (0.200)
1 intervention (curricular) -0.0205 0.0120 0.0396
(0.107) (0.0937) (0.116)
> 1 intervention (curricular + other) -0.207 -0.295%** -0.0201
(0.140) (0.101) (0.108)
1 intervention (non-curricular) -0.214 -0.365*** -0.200
(Continued)
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Table 4. (Continued)

(1) (2 (3
VARIABLES Non-produce Produce Milk
(0.144) (0.134) (0.155)
> 1 intervention (non-curricular) 0.150 -0.282* 0.0299
Time Period (pre-COVID omitted) (0.209) (0.155) (0.244)
During COVID (Autum 20 -Spring 21) -0.463* 0.611 0.121
(0.281) (0.405) (0.281)
Post COVID (Summer 21 or later) -0.0177 0.418** -0.185
Season (Spring omitted) (0.199) (0.164) (0.163)
Summer -0.471* -0.337 0.0662
(0.262) (0.472) (0.368)
Autumn 0.370%** -0.0919 0.357**
(0.123) (0.127) (0.138)
Winter 0.317%** 0.0415 0.230***
Region (Northeast omitted) (0.0788) (0.0847) (0.0829)
West -0.666*** 0.406 -0.0429
(0.144) (0.255) (0.204)
Midwest -0.847%** 0.0729 -0.303
(0.157) (0.259) (0.210)
South -0.347* 0.879%** -0.0121
(0.194) (0.252) (0.208)
Number of entrees served 0.00892 0.0365 0.0318
(0.0240) (0.0224) (0.0219)
Number of previous audits 0.00618 -0.00708 0.00503
(0.00624) (0.00795) (0.00666)
Constant -1.965*** -3.307*** -1.986***
(0.292) (0.338) (0.296)
Observations 482 445 427
R-squared 0.399 0.376 0.486

Notes: Robust standard errors in parentheses

% 520,01
* p<0.05
*p<0.1.

https://doi.org/10.1371/journal.pone.0299043.t004

Student autonomy is another aspect of meal service that is postulated to affect waste. We
consider two types of autonomy variables observed in this data set: one that provides students
with autonomy over which lunch items are placed on their plates and one that permits addi-
tional autonomy of the serving size of milk received.

In terms of item-level autonomy, schools may follow two general modes of service: ‘Offer’
in which student may refuse some elements of a standard meal (e.g., take only a fruit or a vege-
table), or ‘Serve’ in which all five standard food elements (fruits, vegetables, grains, meat or
meat alternative, fluid milk) are provided to every student. Most high schools are required by
rule to operate under the ‘offer’ mode of service while it is optional for other grades. In our
data, eleven high schools report ‘serve’ mode, which may reflect that the schools are an excep-
tion, which can be granted due to insufficient service flexibility, or may reflect schools that
have students from both high school and younger grades and the ‘serve’ mode captures service
for younger students, or may simply be a miscoding by school volunteers who entered the
data.
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Fig 3. Total plate and beverage waste per student by duration and starting time of lunch period. NR = not reported. The starting time refers to a school’s
earliest lunch period for schools with multiple lunch periods. (N = 490)

https://doi.org/10.1371/journal.pone.0299043.g003

One would expect that schools implementing an ‘Offer’ mode of service will report less
waste as individual autonomy increases permitting students to, e.g., not take a vegetable they
are unlikely to consume. However, we find 38% more waste reported in ‘Offer’ schools (coeffi-
cient = 0.323, p<0.01) with the overall result being driven by middle and high schools
(Table 3, columns 1 and 3) with elementary schools having nearly identical waste levels regard-
less of offer versus serve. These results hold for both categories of food (produce and other
solid foods) but not for milk (Table 4).

Shifting to autonomy in the amount of milk served, we find that providing students auton-
omy to select the amount of milk is associated with 39% reduction in total waste (coefficient =
-0.496, p < 0.01, Table 3, column 1). While the results are greatest for milk (Table 4, column 3,
coefficient = -1.413 or -75.7%, p < 0.01) there is also a significant negative association with
non-produce solid food waste (26% less).

While each school lunch served must include an entrée to be eligible for federal reimburse-
ment (even if the school adopts the ‘offer’ mode), the school can provide more student auton-
omy by providing more choices about the entrées selected. Schools that provided more entrée
options are marginally significantly associated with more overall waste (~3% more waste per
entrée offered) though the association with each key component listed in Table 4 is

insignificant.

School and student characteristics

Young children are associated with greater waste levels than older children with meals at ele-
mentary schools yielding about 37% more waste per student than middle or high school
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students (Table 3, column 1, coefficient = -0.354, p < 0.01), where this significant association
carries over to each of the three waste components listed in Table 4 with milk waste having the
greatest differential across age groups.

Other facets of a school were also observed to significantly correlate to waste per student.
School size was one of the largest factors (p < 0.001) with schools that served between 500 and
1000 students reporting about 54% less waste than smaller schools, where the association was
strongest among schools with older students and carried over to each of the major meal com-
ponents. The very largest schools (1000+ students served), while not significantly associated
with less overall waste, reported significantly less milk and produce waste than the smallest
schools.

Schools where approximately half of the school’s population was eligible for free or reduced
lunch (25% - 75%) were significantly associated with more total waste than schools with fewer
or more students eligible for such benefits. Among meal components the pattern was particu-
larly distinct for produce where schools with the smallest percentage of eligible students had
significantly less waste than all other schools (Table 4, column 2). Non-produce waste (e.g.,
entrees and non-produce sides) were wasted the least in schools with more than 75% of stu-
dents eligible for free or reduced priced meals.

School region was also significantly correlated with total waste with schools from the Mid-
west reporting more than 28% less waste per student than those in the Northeast (Table 3 coef-
ficient = -0.321, p <0.01). Among older students, the Northeast reported significantly more
waste than all other regions (Table 3, column 3). Regional trends were also significant across
meal components (Table 4) with entrée waste being significantly greater in the Northeast than
all other regions and produce waste being greatest in the South.

The timing of the audit was also significantly associated with waste levels with both timing
relative to the onset of the COVID pandemic (p = 0.05) and season (p < 0.001) implicated.
The least waste occurred during the 2020/21 school year (about 51% less than earlier), which
coincided with the restart of many schools under restrictive post-COVID meals service rou-
tines. In terms of seasons, winter observations yielded about 21% more total waste than spring
while entrée and side waste and milk waste was also highest in Fall and Winter. We were also
able to document the number of times a school undertook an audit, though the number of pre-
vious audits undertaken at that school was not significantly associated with waste level.

The number and type of interventions undertaken at the participating schools revealed
some significant association patterns. Compared to the omitted group of schools that under-
took no systematic interventions, significantly less waste was observed at schools who under-
took a single non-curricular intervention (e.g., focused on behaviors such as sharing uneaten
and opened food via share tables, recycling or utensil re-use). However, when considering just
produce waste, any intervention that involved at least one non-curricular action was associated
with significantly less waste (Table 4, column 2).

Discussion

Our study yields data collected from 134 schools in 24 states that feature a range of uptake of
free and reduced-price meals, different age groups and different meal service models (offer
versus serve), and different administrative organization (public, private and charter). Audits
were conducted during all seasons and both before and after the onset of COVID. While the
data used in this study should not be mistaken for a nationally representative sample, as we
rely upon self-reported data from a self-selected set of schools, it does provide a distinct view
of plate and beverage waste across a diverse group of U.S. schools. Outside of data collected as
part of USDA’s efforts, e.g., [2, 3, 6], which follow strict sampling protocol and yield nationally
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representative estimates of plate waste, most other studies of U.S. cafeteria plate waste rely
upon observations from cooperating schools collected in a limited geographic region and dur-
ing a limited time frame [5]. The one study with systematic coverage from throughout the
United States [22] only considers elementary schools and relies upon school staff member’s
subjective assessment of the amount of waste typically wasted at the school rather than direct
measurements of waste.

Further, unlike the USDA administered studies and the Calvert et al. study [22], this study
relies upon direct measurement of waste amounts via scale rather than indirect measurements
that yield the fraction of plated food that remains unconsumed [2, 3, 6] or subjective assess-
ments of waste amounts (e.g., a little is wasted as in [22]). While estimates of the proportion of
plated food that is wasted are useful, estimates of the physical weight of plate waste can provide
useful information for waste management decisions. For example, our estimates suggest that
the average elementary student discards 0.236 1bs. of solid food per lunch meal served
(Table 4), permitting projections for, e.g., the capacity and throughput requirements of physi-
cal infrastructure needed daily should a school consider instituting a composting program.
Table 2 also verifies few differences between average per student plate waste amounts created
in middle and high schools (see table’s footnote—only milk waste is greater in middle than high
schools), though this may be due to limited statistical power, as more comprehensive studies
have found differences in the percent of food left on plates between middle and high school
students for whole grains, proteins, empty calories as well as milk [3, Fig 5.2].

Several of our results are consistent with suggestions proffered in the literature for schools
to reduce plate waste. For example, Buzby and Guthrie [2] suggest that very early or very late
lunch periods may increase waste, and our results confirm that waste was greatest for meals
served prior to 11 am with the difference being statistically significant from waste observed
during meals served between 12 noon and 1 pm. Also, the waste created during meals between
11 and 12 is significantly greater than those during the noon hour (p = 0.033).

Buzby and Guthrie [2] and Cohen et al. [5] find evidence that very short lunch periods
exacerbate plate waste. We find this to hold among elementary students in our sample who are
given less than 30 minutes to consume lunch rather than 30 minutes or more (Table 3, column
2), but not to hold for older students (Table 3, column 3). Fig 3 juxtaposes these two factors
and suggests that combination of lunch periods that are short in duration (< 30 m) and early
in the day (before 11 am) yield the largest reports of per student waste in our sample.

The literature also documents that the timing of lunch periods relative to student recess
periods is also a driver of plate waste [5, 26-28]. We note that there was no information pro-
vided about the relative order of lunch period and recess, which prohibits us from assessing
past research findings of reduced waste during lunch periods that immediately follow periods
of physical activity.

We also find results that are partially consistent with the received literature. For example,
we find that reported total waste is highest in schools where a moderate fraction of students
(25%-75%) receive free or reduced-price lunches and that milk waste is highest in schools
where 75% or more of students receive such benefits. The literature is also mixed on this point
with results from USDA’s third School Nutrition Dietary Assessment revealing no significant
association for overall waste though significantly more milk waste among marginally food
secure students [6, pg. 84]. USDA’s School Nutrition and Meal Cost Study reveals significantly
more waste of both total calories and milk in schools that offered universal free meals versus
other schools. Hence, while our results align with the received literature concerning more milk
waste in schools with the greatest concentrations of students receiving free and reduced-price
meals, we do not align with respect to overall waste. In particular, we find less waste of the
main entrée in schools with 75% participation in free and reduced-price meals.
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We also find evidence that is distinct from extant studies: schools in our sample that imple-
ment the ’offer’ service mode, in which students need not take all reimbursable meal elements,
report more plate waste per student. In contrast, USDA [3, Table F.15] found lower rates of
plate waste for all calories and produce at ‘offer’ elementary schools (but not middle schools)
though ‘offer’ middle schools in the USDA study did waste a greater percent of milk than
‘serve’ middle schools. Our results show no significant difference for elementary schools and
the opposite pattern of plate waste among schools with older children, i.e., more waste at mid-
dle and high schools with ‘offer’ rather than ‘serve.’

There are multiple possible reasons for this discrepancy. First, we rely on absolute levels of
waste rather than on the percent of food wasted, opening the door to the possibility that stu-
dents in offer schools systematically take more total food than those in serve schools and, even
though they waste a similar or smaller fraction of food, yield larger absolute waste figures. Sec-
ond, we rely on a smaller, self-selected sample of schools, where ‘offer’ schools with larger lev-
els of plate waste may have been disproportionately attracted to participate in the study. Third,
we are unable to assess offer versus serve status for nearly 12% of the sample, which could alter
relative assessments if the unknown schools were correctly assigned to their offer versus serve
group. Finally, there is the possibility that patterns have changed in the years since the USDA
sample collection ended (2014-15) and our sample collection began (2018-2023). Further
research to understand if there is a legitimate driver of more waste in schools using the ‘offer’
service mode is a high priority, as this is a popular option with virtually all high schools and
more than 80% of elementary and middle schools operating under this mode [3].

Other aspects of meal service that promote student autonomy have mixed associations with
waste. Schools in this study that installed dispensers that permit students to select their pre-
ferred amount of milk rather than being forced to take an entire carton of milk report 76% less
milk waste. While such an outcome is expected and documented in small-scale case studies
[29], to our knowledge, this is the first documentation in the literature that confirms and cali-
brates this association. On the other hand, schools that offer more choices of main entrees
trend toward more rather than less waste. The literature suggests that providing students more
options for individual meal elements is generally associated with less plate waste, as students
are more likely to find an option that suits their palate. However, most other studies focus on
increasing the number of options available for fruits and vegetables rather than for the main
entrée [5].

We also document patterns of waste across schools that, to our knowledge, have not been
addressed in previous studies. For example, we find waste is lower in mid-sized schools (500-
999 students) than in larger or smaller schools, suggesting there may be particular challenges
with limiting plate waste for schools operating at the ends of the scale spectrum. Also, we docu-
ment patterns with respect to seasonality and regionality of plate waste with winter and North-
eastern schools associated with significantly greater reported amounts, and with produce
waste posing a particular challenge in the South. While the data do not support identifying
root causes for such patterns, awareness of these patterns may permit others to identify and
address challenges facing schools in different regions and seasons.

Our study is also unique in that schools report any interventions that they have undertaken
in their schools to address food waste. Nearly 30% of the observations were taken at schools
that had implemented some type of intervention. While we lack the ability to make valid
assessments of these interventions, as we do not possess pre- and post-intervention waste lev-
els, we can observe correlations that may be indicative of possible efficacy and warrant further
evaluation in more rigorous data settings. For example, we find schools that permit students to
portion their own amounts of milk via deployment of a commercial milk dispenser or through
self-pouring from jugs report 76% less milk waste than those reliant upon individual milk
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cartons. Outside of the milk dispenser intervention, schools that implement at least one non-
curricular intervention (e.g., a table where students can share unopened, uneaten food items)
report significantly less produce waste than schools that either have no interventions or a sin-
gle curricular intervention. We do not find the act of repeatedly undertaking measurement to
be-in and of itself-associated with any more or less plate waste. However, most schools with
repeated measurement in our sample tend to have the measurement clustered into a single sea-
son, which does not permit much time to respond to any insights the schools may have gener-
ated from the act of measurement. Given that measurement is a critical antecedent of action
through its ability to diagnose school-level issues and motivate student and staff action, and
critical to intervention evaluation, the lack of correlation between repeated measurement and
waste levels in this sample should not discourage schools from engaging in measurement.

In general, we lack sufficient detail on the types and intensiveness of the undertaken inter-
ventions. When coupled with a lack of data concerning the waste levels before the interven-
tions were deployed, it points to the need for more research to rigorously evaluate the efficacy
of different classes of interventions.

Conclusions

Nearly 7 billion meals reimbursed by the Federal government were served to students in the
United States during 2023 [30]. Food from these meals that becomes plate waste represents an
opportunity to wield scarce funds more efficiently and support child growth and development
more robustly. We analyze data on plate waste from reimbursable lunches recently reported by
134 schools across 24 states to assess commonalities and patterns that might inform efforts to
reduce these waste levels. We find the average lunch resulted in 0.34 pounds of uneaten food
and beverage per elementary student and 0.23 pounds for other students, suggesting scope for
interventions to reduce plate waste, particularly at the elementary level.

Our results are consistent with patterns previously established in the literature, such as
greater total waste among younger students and greater milk waste in schools where most stu-
dents receive free and reduced-price lunches, while inconsistent with some previous work
(e.g., we find the most total plate waste among schools with moderate levels of free and
reduce-price lunch service rather than the highest levels of such service). We also document
patterns not previously explored in the literature, such as higher levels of total waste reported
among the smallest and largest schools, schools from the Northeast, and meals served during
the winter. While our data is insufficient to assess the root cause of such patterns, this provides
guidance for future research that might validate and identify the causal pathways that lead to
such patterns. Furthermore, the analysis can provide practical advice for prioritizing interven-
tions, e.g., ensuring resources are available to address waste in the smallest schools and during
winter months.

Our study’s correlative results are consistent with several practical suggestions for address-
ing cafeteria plate waste. First, our results support previous suggestions to avoid lunch periods
that are short in length (less than 30 minutes) and held before standard lunch hours (before 11
am). Second, our results support providing students with autonomy to select their desired
amount of milk. While the relationship between less milk waste and increased student ability
to self-select a desired amount of milk has been previously hypothesized to hold and docu-
mented in small-scale cases studies, we are the first to substantiate this association in a larger
sample and calibrate the effect size by finding about a 76% reduction in milk waste. Third, our
results support schools implementing waste reduction interventions, particularly those that
involve non-curricular activities (e.g., share tables), as these are associated with less produce
waste. While encouraging, we reiterate the need for more rigorous causal evaluation of all such
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interventions to validate the correlative findings provided by our observational (non-random-
ized) study.

Several results contrast with the received literature, including the finding of that schools
with older students operating under the offer versus serve model (permitting students to
decline some elements of a reimbursable meal) are associated with more waste despite the
additional autonomy this provides to students. As this is an observational study that does not
include measurements before and after a school switches modes of service, we caution against
drawing causal inferences, but highlight the need to conduct further research to rule out any
type of unexpected waste reaction among students in ‘offer’ schools given the prevalence of
this mode of service.

In addition to the previously mentioned observational nature of the study, we highlight sev-
eral additional limitations. First, the data set features coverage from only about half of the
states in the U.S., and these schools were not randomly selected, but rather represent a group
of schools with the motivation and resources to conduct an audit of the waste created in their
cafeterias. The data are also lacking information on several key characteristics of the school
and meal setting that can inform patterns of cafeteria plate waste, such as the presence of com-
petitive foods (e.g., vending machines or nearby off-campus fast food), whether the school per-
mits students to leave campus for lunch, when recess or other opportunities for physical
activity are scheduled relative lunch, and objective measures of the quality of the cafeteria food
itself. Future work would benefit from the addition of such variables to the data set.
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