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airy farmers often apply solid
manure to their forage crops.
Manure nitrogen, phosphorus, and
potassium provide nutrients (fertilizer)
and organic matter improves soil health.
Applying too little nitrogen to crops
can stunt crop yields, while applying
too much can have negative effects on
groundwater quality. To prevent the latter, regulations from the Central Valley
Regional Water Quality Control Board
limit the amount of nitrogen that can
be applied to cropland (CVRWQCB 2007,
2013).
Theoretically, farmers can meet both environmental and yield goals by maximizing the
proportion of applied nitrogen that is taken up
by crops. Planning precise applications requires
accurate measurements of the dry-matter and
nitrogen concentrations of manure applied to
cropland. These data are used in conjunction
with quantity of manure applied to calculate
nitrogen application rates. Each farmer must
collect a representative sample of each source
of manure for analysis because manures vary
greatly depending on farm-specific factors.
Representative samples are the basis for sustainable cropland management, fair pricing
for manure exports, and defensible regulatory
reporting.
There is little verified information about
how farmers typically sample their solid
manure. Most solid manure is stored in static
piles before it is applied to cropland. Recommended sampling protocols typically suggest

collecting a few grab samples (around ten)
from different locations in the pile. The grab
samples are mixed to form a composite. The
dry-matter and nitrogen analyses of the composite are then used to calculate the nitrogen
application rate (Davis et al. 2002; Dou et al.
1997; Meyer and Mullinax 2011). The number
and location of grab samples collected from the
pile can affect the accuracy of nitrogen application rates based on the composite analysis.
In this study, we establish the accuracy
of practices for collecting samples of solid
manure to represent the dry-matter and nutrient composition of the pile. We undertook a
detailed research project to identify variability
both within and between solid manure piles.
Ten piles of dairy manure were sampled, in
six to ten locations and at 8-inch increments,
from the surface inward to a depth of 4 feet.
Using data from these samples, we compared
sampling practices in which different numbers
of grab samples were collected from different
locations in the pile (Miller et al. 2019).

Number of grab samples
It is important to consider the history and
source of the manure pile when deciding how
many grab samples are necessary. Intuitively,
collecting more grab samples should lead to
a more representative composite sample. To
accurately represent the pile composition, piles
that contain manure from multiple sources
require more grab samples than piles from a
single source.
The error in the nitrogen application rate
was less than ±15 percent of the calculated
mean rate when five grab samples were collected from single-source piles, while ten grab
samples were required to keep the error rate
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below 15 percent for multisource piles (fig. 1).
Five single-source piles and five multisource
piles were included in our study. Single-source
piles were composed of manure from a single
cattle group or solid separator and were constructed during a single piling event. More
grab samples were required when a pile contained manure from several cattle groups or
included spoiled feed or bedding. When
manure was added to a pile over time, the pile
was also considered multisource. Without
information about the pile source, our data
suggest that ten grab samples are required to
accurately represent the manure pile.
To put the possible error into context,
consider a farmer who aims to apply 100
pounds of nitrogen per acre as solid manure.
This farmer collects five grab samples for the
dry-matter and nitrogen analysis and uses the
results to calculate how much manure to apply.
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Figure 1. Recommended number of grab samples depends on the
composition of the manure pile. The graph compares the possible error
in the nitrogen application rate for single-source and multisource solidmanure piles, based on our field experiments. To calculate the error in the
nitrogen application rate, we assumed the farmer intended an application
rate of 100 pounds of nitrogen per acre. The starred numbers identify the
number of grab samples needed to ensure that the actual application rate
is within ±15 percent of the intended rate (red dashed lines) for singlesource and multisource manure piles.

If the farmer’s pile is composed of multiple
sources of manure, the actual application
rate could be off by ±21 pounds of nitrogen
per acre. By comparison, if the farmer’s pile
is from a single source of manure, the actual
application rate could be off by ±13 pounds of
nitrogen per acre, a much smaller error (see
fig. 1). For a multisource pile, the farmer would
need to collect ten grab samples to be sure the
actual application rate was within ±15 pounds
of nitrogen per acre of the calculated rate (see
fig. 1).
Measurement practices that underestimate
the nitrogen application rate increase the risk
of environmental nitrogen losses. On the other
hand, measurements that overestimate nitrogen application rate may reduce crop yields.
Additionally, overestimating the nitrogen
application rate increases the nitrogen ratio
(applied nitrogen divided by nitrogen harvested) reported to regulatory agencies. Collecting
the appropriate number of grab samples from
solid manure piles improves the efficiency of
manure nutrient use and reduces impacts on
groundwater quality.

Sampling locations
Representative samples should reflect any
differences between the interior and exterior
of the pile. Manure piles are often drier on
the exterior because of exposure to the sun
and wind. Among the studied piles, exterior
samples had a dry-matter concentration 4
percent higher than the interior samples, on
average. Because nitrogen concentration is
reported as a percentage of dry matter, any
error in dry-matter measurement is reflected
in the nitrogen measurement. Accordingly, the
calculated nitrogen application rate will overestimate the actual application rate by up to 24
percent if too many samples are collected from
the exterior.
To avoid consistently over- or underestimating dry-matter concentration, 80 percent of
grab samples should be collected from the pile
interior, defined as deeper than 1.5 feet into
the pile (fig. 2). To put the possible error into
context, again consider a farmer who calculates
an application rate of 100 pounds of nitrogen
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Managing nitrogen requires attention to sampling practices. This and other research shows
that dairy farmers can substantially improve
their nitrogen management plans by incorporating the following practices for sampling
solid manure:
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Figure 2. Recommended protocol for sampling solid manure piles. We
recommend taking a composite of at least ten samples, 80 percent of which
are deeper than 1.5 feet into the pile. Following this protocol ensures that
the calculated nitrogen application rate will be within 15 percent of the
actual application rate, regardless of the pile’s source. Measurement error
depends on the location of grab samples. Samples from the exterior 1.5
feet of the pile are typically drier than interior samples. The bars show the
possible error in the calculated nitrogen application rate when different
percentages of samples are collected from the pile’s interior.

per acre based on an analysis of dry matter and
nitrogen. If all grab samples are collected from
the exterior of the pile, the composite sample
will be drier than the actual composition of the
pile as a whole. Consequently, the calculated
application rate will overestimate the actual
rate by 24 pounds of nitrogen per acre, and
often more (fig. 3). Consistently overestimating
nitrogen application rates is likely to reduce
crop yields and to overestimate the nitrogen
ratio reported to regulatory agencies.

• Sample at a time close to when manure will
be applied.
• Follow proper sample-handling protocols
to obtain quality results from laboratory
analysis.
• Consider the accuracy of your practices for
weighing the applied manure.
• Maintain appropriate records of manure
applications.
This project clarified the importance of
adapting sampling practices to manure storage
practices (single-source versus multisource).
Our study also showed it is necessary to accurately represent the differences between the
interior and exterior of the pile in the composite sample. Improved sampling practices
and quality recordkeeping can produce better
estimates of nitrogen applied to fields or manifested off-farm. Better management of nitrogen in solid manure will lead to sustainable
crop yields, reduced impact on groundwater
quality, and defensible regulatory reporting.
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Figure 3. Collect 10 grab samples, mix well, and subsample for each composite. Take 80 percent of
samples from more than 1.5 feet into the pile. Following this protocol ensures that the calculated
nitrogen application rate will be within 15 percent of the actual application rate, regardless of the
pile’s source.
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For more information
More information on regulatory requirements
for sampling and reporting in the Central
Valley can be found in the Monitoring and
Reporting Program and Technical Guidance for Nutrient Management Plans in the
Reissued Waste Discharge Requirements
General Order for Existing Milk Cow Dairies,
waterboards.ca.gov/rwqcb5/board_decisions/
adopted_orders/.
Information on many aspects of
dairy-manure nutrient management and
water quality compliance is available in the
Dairy Quality Assurance Program Central
Valley Dairy General Order Water Quality Reference Binder, cdqap.org/binders/
central-valley-water-quality/.
For more information on the methods and
results of this study, see Miller et al. (2019),
ncbi.nlm.nih.gov/pubmed/30803565.
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