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a  b  s  t  r  a  c  t

Statistical  uncertainty  analyses  can be  used  to improve  the  efficiency  of environmental  monitoring,  allow-
ing  sampling  designs  to maximize  information  gained  relative  to  resources  required  for  data  collection
and  analysis.  In  this  paper,  we illustrate  four  methods  of data  analysis  appropriate  to  four  types  of  envi-
ronmental  monitoring  designs.  To  analyze  a  long-term  record  from  a single  site,  we  applied  a  general
linear  model  to  weekly  stream  chemistry  data  at Biscuit  Brook,  NY, to  simulate  the  effects  of  reducing
sampling  effort  and  to evaluate  statistical  confidence  in the  detection  of  change  over  time.  To  illustrate
a  detectable  difference  analysis,  we  analyzed  a one-time  survey  of mercury  concentrations  in  loon  tis-
sues  in  lakes  in  the  Adirondack  Park,  NY, demonstrating  the  effects  of  sampling  intensity  on  statistical
power  and the  selection  of a resampling  interval.  To  illustrate  a bootstrapping  method,  we analyzed  the
plot-level  sampling  intensity  of forest  inventory  at the  Hubbard  Brook  Experimental  Forest,  NH,  to  quan-
tify  the  sampling  regime  needed  to  achieve  a  desired  confidence  interval.  Finally,  to  analyze  time-series
data  from  multiple  sites,  we  assessed  the  number  of  lakes  and  the number  of  samples  per year  needed  to
monitor  change  over  time  in Adirondack  lake chemistry  using  a  repeated-measures  mixed-effects  model.
Evaluations  of time  series  and  synoptic  long-term  monitoring  data  can help  determine  whether  sampling
should  be  re-allocated  in  space  or time  to optimize  the  use of  financial  and  human  resources.

© 2014 The Authors. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Environmental monitoring is essential for detecting changes
associated with biological invasions, land use change, and stress-
ors such as air pollutants and climate change. Monitoring is also
needed to evaluate the effects of past or proposed environmental
policies and resource management activities (Lovett et al., 2007).
Data from ongoing long-term monitoring programs can be used to
assess the efficiency and effectiveness of those programs and can
inform the development of other similar monitoring programs.
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The intensity of monitoring needed to detect trends over space
and time is determined by the natural spatial and temporal varia-
tion of the measured parameters, measurement and model error,
and the acceptable Type I error rate. A parameter with high nat-
ural variation requires more intensive sampling to achieve the
same statistical power (Garman et al., 2012). Periodic evaluation
of monitoring programs is important because the objectives of a
monitoring plan may  change, the available technology improves,
and the amount of data accumulates over time (Lovett et al.,
2007). However, most literature on designing ecological monitor-
ing programs is focused on the initial program design (McDonald,
2012; Urquhart, 2012). There has been less focus on strategies for
adapting existing monitoring plans to maximize effectiveness and
efficiency using the data already collected. In this paper, four case
studies are presented to illustrate the evaluation of existing moni-
toring schemes.

Long-term monitoring of stream chemistry can be used to assess
changes in watershed dynamics and to evaluate environmental
effects of atmospheric deposition of air pollutants. In the northeast-
ern US, acidic deposition of sulfuric and nitric acids and ammonium
result in elevated leaching of nutrient cations from available soil
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Table 1
Description of the four case studies and models included in this paper.

Case study Data set includes
spatial replication

Data set includes
temporal replication

Model used Parametric or
subsampling approach

Research question

Stream chemistry No Yes Regression Subsampling, followed
by parametric

Magnitude of detectable change in
slope for one point in space

Loon  tissue chemistry Yes No Detectable
difference (t-test)

Parametric Detectable change over time based on
one sample in time

Forest  biomass Yes No Mean Subsampling Magnitude of spatial uncertainty for
one point in time

Lake  chemistry Yes Yes Repeated measures
mixed effects model

Subsampling, followed
by parametric

Magnitude of detectable change in
model mean, including spatial and
temporal variability

pools, resulting in deleterious effects on vegetation (Horsley et al.,
2000; Battles et al., 2013). Acidic deposition has also had negative
effects on water quality in the region by causing decreases in pH
and acid-neutralizing capacity (ANC) and increases in aluminum
concentrations (Driscoll et al., 2003a).

We  use the long-term stream chemistry monitoring at Biscuit
Brook in the Catskill Mountains, NY, to illustrate an approach for
selecting a sampling plan for a single site with multiple mea-
surements over time. Biscuit Brook has been sampled weekly for
28 years to evaluate the effects of atmospheric acid deposition
on stream chemistry (Murdoch and Shanley, 2006). Using this
long-term record, we subsample data sets of stream NO3 and SO4
concentrations to assess the effects of sampling frequency on the
power to detect changes in stream chemistry.

Mercury contamination in water and plant and animal tissues
is a major environmental concern. Mercury deposited on the land-
scape from the atmosphere can be converted into methylmercury,
a neurotoxin that bioaccumulates up aquatic and terrestrial food
chains and impairs animal and human health (Driscoll et al., 2007).
There have been several recent studies of Hg in surface waters
and in tissues of aquatic fauna (Yu et al., 2011; Turnquist et al.,
2011; Simonin et al., 2006); detecting change over time will require
repeating these measurements in the future. To explore sampling
strategies for trend detection, we apply a simple power analysis to
assess the sampling intensity and interval needed for future sur-
veys, based on expected rates of change. We  use the example of
a survey of Hg concentrations in feathers and blood in the Com-
mon  Loon (Gavia immer)  in the Adirondacks (Schoch et al., 2011) to
illustrate this approach.

Forests are routinely monitored to assess stand dynamics, forest
health and productivity, and timber and non-timber values (Fahey
and Knapp, 2007; Smith, 2002). Methods for accurately measur-
ing forest biomass accumulation have important implications for
quantifying carbon sequestration in emerging carbon markets and
for evaluating alternatives to fossil fuels (Woodbury et al., 2007;
Stupak et al., 2007; Raciti et al., 2012). By assessing the uncertainty
due to sample size, we can determine how many plots must be sam-
pled to achieve a desired confidence. To illustrate this approach, we
use the example of the reference watershed at the Hubbard Brook
Experimental Forest, NH. Because all the plots on the watershed
are measured in each census, we can subsample plots using a boot-
strapping approach to assess the effect of sampling intensity on the
confidence in biomass estimates.

Lake ecosystems have been used to monitor the effects of
environmental policies affecting acidic deposition (Driscoll et al.,
2003b). The Adirondack region of NY exhibits some of the most
severe impacts from acidic deposition in the US, and lake sys-
tems there have been monitored to assess recovery of these
ecological systems over time (Civerolo et al., 2011). The long-
term monitoring of Adirondack lake chemistry is similar to many
long-term environmental monitoring programs that involve samp-
ling many sites at regular intervals. It may  be the case that the

sampling regime is deficient or excessive in either space or time.
We apply a repeated measures mixed-effects statistical model to
data sets that simulated reduced sampling schemes in space and
time.

These four case studies were chosen because they represent a
variety of experimental designs common to environmental moni-
toring programs (Table 1). The objective of this paper is to illustrate
approaches for reviewing the efficiency and effectiveness of envi-
ronmental monitoring schemes. These approaches can be applied
to a wide range of sampling designs. We  describe best practices for
evaluating monitoring programs and give examples of additional
approaches that may  be useful for analyzing complex long-term
monitoring data.

2. Methods

2.1. General linear model error applied to stream sampling for
long-term trends at Biscuit Brook

We used a general linear regression and the standard error of the
slope to assess uncertainty in long-term temporal trends for Bis-
cuit Brook. Biscuit Brook (latitude 41◦59′43′′, longitude 74◦30′05′′)
is a water-quality station in the Neversink Reservoir watershed in
the Catskill Mountains, NY. Biscuit Brook drains a 963-ha forested
watershed with a gauging station at an elevation of 628 m (McHale
and Siemion, 2010). The Biscuit Brook station has been in operation
since 1983 and has been sampled weekly by the US Geological Sur-
vey since 1991. Field and laboratory methods for streamflow and
water quality data collection are described by McHale and Siemion
(2010).

We subsampled the weekly stream chemistry data from Bis-
cuit Brook (1996–2003) to assess the effects of sampling intensity
on the regression standard error and the ability to detect change
over time. Subsampled data sets representing 50% of current
effort (measurements taken every other week), 25% of current
effort (measurements taken every month), or 12.5% of current
effort (measurements taken every other month) were used in this
analysis.

We used this approach to examine the effects of subsampling on
SO4 and NO3 concentrations, as these are commonly monitored to
assess the effects of atmospheric deposition on long-term stream
chemical trends. Sulfate has shown a consistent decreasing long-
term trend at Biscuit Brook with little seasonal or flow-related
variability (Kerr et al., 2012). In contrast, NO3 shows a more variable
long-term trend with high seasonal and flow-related variability for
the period we considered. Thus, these solutes illustrate scenarios
for which long-term trends in solute concentration may  be more or
less difficult to detect due to within-year variation and the strength
of the trend over time.

We compared the standard error of the regression across the
subsampling scenarios. We  also compared the significance of the
slopes of the subsampling scenarios to assess the ability of reduced
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