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3.1. Introduction
Implicit in any discussion of the essential importance of historical ecology as an
ecological discipline is the dimension of temporal scale (Szabó and Hédl 2011).
Indeed, among the numerous challenges in ecological studies is that of addressing
both temporal and spatial scales, which Levin (1992) identified as a central problem
in ecology, one that unifies such otherwise-disparate subdisciplines as population
ecology and ecosystem ecology, as well as basic and applied ecology. For example,
essential ecosystem drivers and related distribution of vegetation operate on spatial
scales from just over 0 to >10,000 km and temporal scales from hours to millennia.
Ecosystem drivers would include weather, climate variability/climate change, fire
and land-use change, whereas vegetation ranges from local patches to global biomes
(Figure 3.1, top). It is not coincidental that the spatial/temporal scales of historical
ecology parallel those of both the variety of ecological subdisciplines and the study
of environmental drivers and vegetation (Figure 3.1, bottom).
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Figure 3.1. Spatial and temporal scales of (top) essential ecosystem drivers
(weather, climate variability and climate change, fire and land-use change) and
related distribution of vegetation. Figure reprinted from Gilliam (2016), used with
permission, and (bottom) subdisciplines of the study of ecology and of the study of
history. Figure reprinted from Szabó and Hédl (2011) with permission. For a color
version of this figure, see www.iste.co.uk/decocq/ecology.zip
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It is imperative to study ecological systems at the appropriate temporal scale, with
most field-based endeavors studying phenomena that operate under longer periods.
Such studies occasionally yield new questions to address when novel ecological
patterns and processes emerge through their extended duration. Perhaps, the best
example of this is the Park Grass Experiment, currently the longest ongoing field
experiment in the world (Richardson 1938). It was initiated in 1856 at Rothamsted in
Hertfordshire, England, by John B. Lawes and Joseph H. Gilbert, who wanted to
address a very pragmatic concern for English dairy farmers – how to improve hay
yield via the addition of a variety of fertilizers (Silvertown et al. 2006). Although it
took relatively little time to answer that basic question, maintaining the experiment
over a far longer period allowed researchers to address fundamental ecological
processes never considered by Lawes and Gilbert, including effects of plant biomass
and excess nitrogen on plant diversity, trophic dynamics of an herb-dominated
ecosystem and genetic drift in plant populations (Silvertown et al. 2006). In addition,
such extended research eventually led to an awareness of the importance of long-term
studies in general (Likens 1989), including whole research programs, such as the
Long-Term Ecological Research and Long-Term Research in Environmental
Biology programs of the National Science Foundation in the United States.
The purpose of this chapter is to examine the importance of maintaining
long-term studies to generate and test hypotheses regarding the ecology of terrestrial
ecosystems, in this case, a hardwood forest ecosystem of the central Appalachian
region of the United States, namely, the Fernow Experimental Forest (FEF), West
Virginia, U.S.A. As it is not uncommon for papers to be published based on three to
five years of field data, of particular interest is how extending field sampling to over
nearly 30 years has, in many cases, led to conclusions quite different from those
based on shorter time periods. In addition to considerable work carried out by
scientists at the USDA Forest Service Timber and Watershed Laboratory, Parsons,
West Virginia, where facilities associated with FEF are located, FEF has been the
site of numerous cooperative studies by scientists from colleges and universities
primarily in the eastern U.S. Rather than attempt to review all such studies, this
chapter covers primarily only work carried out by the Weeds and Dirt Laboratory at
Marshall University, Huntington, West Virginia.
3.2. Fernow Experimental Forest
3.2.1. Background
Forest ecology at FEF has a long and productive research history (Adams et al.
2006). Initial work was on silvicultural practices (Smith and Miller 1987), with the
collection of hydrochemical data for the long-term reference watershed (WS4)
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beginning in 1960. A specific focus on the effects of acid deposition was initiated
via the Watershed Acidification Study (WAS), which began as a now-terminated
pilot study in 1987 on a watershed adjacent to FEF. In 1989, it was established on
FEF watersheds and is currently ongoing, although treatments ceased in 2019. A
distinctive feature of the WAS is that has involved a whole-watershed application of
simulated acidic deposition – as (NH4)2SO4 – via three aerial additions of year,
representing total N addition of 35 kg N ha-1 yr-1. This has been applied in powder
form by airplane (Adams et al. 2006).
3.2.2. Site description
Fernow occupies ~1,900 ha of the Allegheny Mountain section of the
unglaciated Allegheny Plateau near Parsons, West Virginia (39o03’16”N,
79o41’0”W). Precipitation at FEF averages approximately 1,430 mm yr-1, generally
higher during the growing season and increasing with elevation. As of the initiation
of the WAS, concentrations of acidic species in wet deposition (H+, SO4= and NO3-)
were among the highest in North America. Watershed soils are coarse-textured
Inceptisols (loamy-skeletal, mixed mesic Typic Dystrochrept) of the Berks and
Calvin series sandy loams derived from sandstone (Adams et al. 2006).
Dominant tree species on FEF watersheds vary with stand age.
Early-successional species such as black birch (Betula lenta L.), black cherry
(Prunus serotina Ehrh.) and yellow-poplar (Liriodendron tulipifera L.) are dominant
in young stands, whereas late-successional species, such as sugar maple (Acer
saccharum Marshall) and northern red oak (Q. rubra L.), are dominant in mature
stands. Dominant herbaceous layer species at the beginning of the study varied less
with stand age, including stinging nettle (Laportea canadensis (L.) Wedd.), violets
(Viola spp.) and several ferns (Gilliam et al. 2006).
3.2.3. Field design
Three watersheds are used for ongoing research as part of the WAS (Figure 3.2).
WS4 supports >100-year-old even-aged stands, serving as the long-time reference
watershed at FEF. WS7 supports an approximately 40-year-old even-age stand,
whereas WS3 supports an approximately 40-year-old even-age stand and serves as
the treatment watershed, whereas WS4 and WS7 are the controls. WS3 has received
three aerial applications of (NH4)2SO4 yr-1, beginning in 1989. March (or sometimes
April) and November applications represent approximately 7.1 kg N ha-1; July
applications are approximately 21.2 kg N ha-1. The total amount of N deposited on
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WS3 (application plus atmospheric deposition) is approximately 54 kg N ha-1 yr-1, or
about three times ambient inputs (Adams et al. 2006).

Figure 3.2. Experimental watersheds of the Fernow Experimental
Forest, West Virginia. WS3, WS4 and WS7 are used as
part of the ongoing Watershed Acidification Study

In 1991, 15 permanent vegetation plots were established in each of four watersheds
of contrasting stand age at FEF, with a particular focus on interactions between the
forest canopy and the herbaceous stratum, as well as plant–soil interactions, and how
these interactions might vary with forest succession following disturbance. A sub-set
of seven of these original plots in each of three watersheds – WS3, WS4 and
WS7 – were selected in 1993 for monthly in situ incubation of soil to examine spatial
and temporal patterns of net N mineralization and nitrification. This represented the
first work at FEF to specifically address a phenomenon that until that time had been
described more in Europe and experimental studies in the northeastern United States,
N saturation, which arises from atmospheric inputs of N exceeding biological N
demand (Aber et al. 1998). This typically results in the loss of NO3- in streams and is
commonly accompanied by the loss of nutrients (e.g. Ca++ and Mg++) (the mobile
anion effect) that are essential to plant growth and forest health. Some earlier studies
published on N saturation in the US (e.g. Stoddard 1994; Gilliam et al. 1996; Peterjohn
et al. 1996) identified watersheds at FEF to be among the more N-saturated sites in
North America. Symptoms included increased mobility and leaching of Ca++ and Mg++
as being linked to increased N deposition, along with enhanced nitrification and
movement of NO3- and decreases in growth rates of dominant tree species (Peterjohn
et al. 1996; Christ et al. 2002; May et al. 2005; Adams et al. 2006). Other problems
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associated with N saturation include the increased production of the greenhouse gas,
N2O (Peterjohn et al. 1998). Further work at FEF has also suggested that N saturation
has led to phosphorous limitation in several watersheds (Gress et al. 2007).
3.3. Long-term studies at Fernow Experimental Forest, West Virginia
There are several examples from FEF wherein initial conclusions made after a
shorter period of investigation were contradicted by extending sampling over greater
time periods. In general, the original conclusion was a lack of effect of experimental
additions on treatment WS3, based on three to five years of treatment, often with a
focus on the N component of these additions. It should be noted, however, that the
numerous studies at other forest sites had, at that time, shown significant treatment
effects after a similar time period, especially regarding the response of the herb layer
(Hurd et al. 1998; Lu et al. 2010; Chapman et al. 2016), so the published lack of
treatment effects at FEF was notable in themselves. It should also be noted that some
of these studies focus on the experimental treatment as simulated acid deposition,
whereas others specifically focused on the N component of the treatment.
3.3.1. Effects of acidification on soil fertility and herb layer cover and
foliar nutrients
Gilliam et al. (1994) examined the effects of experimental acidification on soil
fertility and several characteristics of the herb layer using all three watersheds of the
WAS following a three-year treatment period for WS3. They found essentially no
significant differences in any of the measured soil variables – pH, organic matter,
cation exchange capacity, extractable nutrients – among watersheds, as well as no
differences in herb cover, biomass and foliar nutrients. This led to the conclusion
that three years of whole-watershed acidification had minimal, if any, effects on
nutrient availability – a surprising result at the time.
As a follow-up to Gilliam et al. (1994), in July 2015 – 24 years after the original
sampling in 1991 – Gilliam et al. (2020) resampled mineral soil from the 7 of the
original 15 plots in each of the three WAS watersheds. Although the focus was on
temporal shifts in effects of experimental acidification on soil fertility, they also
reported on extensive stream chemistry data, including concentrations of H+, NO3-,
base cations and electrical conductivity (Figure 3.3). Gilliam et al. (2020) yielded
sharply contrasting results from Gilliam et al. (1994), wherein virtually all measured
variables exhibited significant treatment effects. In general, pH was lower,
exchangeable acidity and aluminum were higher, nutrient (base) cations were lower,
and extractable N was higher following a quarter century of experimental acidification.
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Figure 3.3. Volume-weighted mean monthly concentrations of major ions in stream
water and electrical conductivity from 1989 to 2014 for three small watersheds at the
Fernow Experimental Forest in West Virginia. Trend lines are 24-mo running means.
Vertical bars indicate when fertilizer applications began. Figure reprinted from
Gilliam et al. (2020) with permission. For a color version of this figure, see
www.iste.co.uk/decocq/ecology.zip

34

Historical Ecology

3.3.2. Effects of N addition on soil N dynamics
In 1993, the same subset of seven plots of the original 15 were identified for in
situ (“buried bag”) incubations for measurements of net N mineralization and
nitrification in surface mineral soil in each of the three WAS watersheds. Briefly,
this method involved sampling of mineral soil to a 5-cm depth at five locations in
each plot and combining/mixing soil to yield a single composite sample, which was
placed in two sterile polyethylene bags, one of which was buried at a 5-cm depth
and the other was taken to the lab for immediate extraction and analysis for NH4+
and NO3-. This was repeated monthly during the growing season on all 21 plots from
1993 to 1995, with each collection comprised of two bags: the buried bag from the
previous month and the bag from the current month. Differences in extractable N
between a non-buried bag and its buried equivalent were used to determine rates of
net N mineralization and nitrification.
Gilliam et al. (1996) reported no effects of experimental N additions on N
mineralization and nitrification for the first year of study, but found significant
seasonal variation. Gilliam et al. (2001) extended the sample period for the
three-year period of 1993–1995, finding significant, but transient, monthly effects
on net nitrification, wherein rates were significantly higher on WS3 for months that
immediately followed N additions. They also took advantage of the extended
sampling period to use multiple regression with ambient environmental variables,
concluding that net nitrification was directly influenced by mean ambient
temperature and soil moisture.
Following subsequent sampling in 2003 and 2005, the yearly sampling on these
plots was initiated in 2007 with funding from the NSF Long Term Research in
Environmental Biology (NSF LTREB) program to West Virginia University
(William T. Peterjohn, principal investigator). This work is currently ongoing.
Gilliam et al. (2018) reported on numerous aspects of N dynamics from the 21-year
period from 1993 to 2014, demonstrating that there had been a transient effect of N
additions on the annual mean net nitrification in 1995, after which all watersheds
exhibited similar declines to 2005 and are currently increasing. They found that the
best predictor of net nitrification was a metric of ambient temperature – number of
degree days <19°C – a significant pattern did not emerge until after the longer
period of study (Figure 3.4).
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3.3.3. Effects of N addition on herb layer composition and diversity

Figure 3.4. Mean annual growing season net N mineralization (A) and net nitrification
(B) in mineral soil for study watersheds at Fernow Experimental Forest, West
Virginia, 1993–2014. Annual degree days < 19°C are shown. Fitted curves are
fifth-order polynomials for all variables to visually characterize temporal trends.
Degree days: closed circles/solid curve, r2 = 0.82; WS3: open circles/fine dashes,
r2 = 0.94 and 0.98 for net N mineralization and net nitrification, respectively; WS4:
open squares/intermediate dashes, r2 = 0.89 and 0.89; WS7: open triangles/wide
dashes, r2 = 0.96 and 0.95. Figure reprinted from Gilliam et al. (2018) with permission
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Figure 3.5. Detrended correspondence analysis (DCA) for herbaceous layer
communities from 1991 to 2014 on reference WS4 (open symbols/dashed line)
and N-treated WS3 (solid symbols/solid line). Values shown are centroids
(two-dimensional means) for each year per watershed. Figure reprinted from Gilliam
et al. (2016) with permission

The initial conclusions regarding the effects of experimental acidification
(Gilliam et al. 1994) were based on a single year of sampling across all watersheds
(1991). Herb layer sampling was continued on WS3 and WS4 in 1992 and 1994,
representing a treatment period of three to six years on WS3, a time period during
which other studies had reported significant responses to experimentally added N
(e.g. Hurd et al. 1998; Lu et al. 2010). Thus, it was surprising that, in synthesizing
all data through 1994, Gilliam et al. (2006) reported no effects of added N on herb
cover, species richness, evenness and diversity at FEF. In addition, there was
minimal variation in species composition, both between treatment and reference
watershed and through time, from 1991 to 1994. They concluded that the lack of
treatment effect was from the high ambient N deposition at FEF, such that the
amount of added N (35 kg N/ha/yr) was a smaller percentage relative to ambient
deposition compared to other studies.

Long-term Ecological Field Studies as Historical Ecology

37

Herb layer sampling was repeated on a subset of 7 of the original 15 plots on WS3
and WS4 in 2004. Again, as a result of the NSF LTREB funding, annual sampling was
initiated in 2009 and is currently ongoing on WS3 and WS4 only. Gilliam et al. (2016)
reported results up to 2014, a total of 10 yr of data taken over a 23-year period. They
found significant and notable effects of excess N on all aspects of the herb layer
community, including increases in cover and decreases in species richness, evenness
and diversity (Figure 3.5). There were also profound changes in composition, with
cover of Rubus allegheniensis – once a minor component on all watersheds – increasing
>10-fold on N-treated WS3. The response of R. allegheniensis to N additions to WS3
has been confirmed by other studies at FEF (Walter et al. 2016, 2017).
3.3.4. The N homogeneity hypothesis
One of the more salient outcomes of long-term research at FEF was the
development – and eventual testing – of a hypothesis that addresses the effects of
excess N on forest herb communities, the N homogeneity hypothesis (Gilliam 2006).
The hypothesis predicts the loss of herb layer diversity from anthropogenically
increased N deposition via the following: (1) herb cover will initially increase (i.e. a
fertilizer effect), (2) N-mediated increases in herb cover simultaneously enhances
the growth of nitrophilous species and elimination of N-efficient species, (3) both
species richness and evenness will decline (i.e. from increased dominance of only
few nitrophilic species), contributing to declines in diversity, and (4) excess N will
increase the spatial homogeneity of N availability, contributing to increased sample
homogeneity of the herb layer (Gilliam et al. 2016). A key facet of the mechanism
behind this response is the importance of spatial heterogeneity of soil resources in
maintaining high diversity in plant communities (Hutchings et al. 2003).
Initial observations for the hypothesis began as early as Gilliam et al. (2001),
who reported lower spatial variation (measured as coefficients of variation of
watershed-scale means) in net nitrification and extractable NO3- pools in mineral soil
of treatment WS3 relative reference watersheds WS7 and WS4. It was originally
articulated as a predictive hypothesis in a review of responses of the herb layer of
forests of North America and Europe to excess N deposition (Gilliam 2006).
Although this hypothesis has received wide support in the literature (Cholewińska et
al. 2020), it was only able to be tested at FEF by extending the original sampling to
the current long-term period, including a more extensive one-time spatial sampling
of 100 plots in each of treatment WS3 and reference WS7 in 2011 (Figure 3.6). As
reported in Gilliam et al. (2016), the spatial homogeneity of net nitrification was
quite high on WS3, relative to WS7. Using the ongoing sampling from permanent
plots on all three watersheds, Gilliam et al. (2018) demonstrated N-mediated
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increases in spatial homogeneity of net nitrification over time on WS3 up to a
quarter century following the initiation of treatments.

Figure 3.6. Spatial patterns of the potential net nitrification measured in 2011 using
surface soils (top 5 cm of mineral soil) collected from the reference (WS7) and
N‐treated (WS3) watersheds at the Fernow Experimental Forest, West Virginia.
Figure reprinted from Gilliam et al. (2016) with permission. For a color version of this
figure, see www.iste.co.uk/decocq/ecology.zip
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Figure 3.7. Total deposition of NOx for 2000 (a) and 2014 (b). Figure
reprinted from Gilliam et al. (2019) with permission. For a color version
of this figure, see www.iste.co.uk/decocq/ecology.zip
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3.3.5. A look at the future: declines in the atmospheric deposition of N
During the decade preceding the initiation of the WAS, the wet deposition of N
at FEF averaged 7.3 kg N/ha/yr, whereas mean deposition during the most recent
decade has been 4.2 kg N/ha/yr, a decline of >40%. This decline has been reported
throughout North America (Du 2016; Lloret and Valiela 2016; Groffman et al. 2018;
Gilliam et al. 2019) and Europe (Schmitz et al. 2019), the result of regulatory
legislation in many parts of the world, such as the Clean Air Act in the U.S.
(Du et al. 2019). Because these global clean-air policies primarily target emissions
of N associated with energy combustion, declines in atmospheric N deposition are
far more prominent for NO3- than for NH4+ (Figure 3.7).
Such a trend does not call into question the relevance of long-term studies at FEF
or similar studies elsewhere. Rather, by maintaining such studies following cessation
of the N treatment on WS3, this work will become uniquely positioned to test
hypotheses regarding the legacies of chronic N deposition and N saturation
(Groffman et al. 2018; Gilliam et al. 2019; Schmitz et al. 2019). Groffman et al.
(2018) have suggested that impacted forests will undergo N oligotrophication as
increased carbon (C) flow from the atmosphere stimulates microbial N mobilization
in forest soil, decreasing available N for plants. Gilliam et al. (2019) proposed a
hysteretic model for decreased N future, wherein there will be widely varying time
lags in the recovery of soil acidification, plant biodiversity, soil microbial
communities, C and N cycling, and surface water chemistry towards pre-N impact
conditions. They concluded that, although there is a great deal of uncertainty
regarding forest response to future environmental change, it is quite certain that
ambient CO2 and temperature following any return to pre-impact status will not be
the same as they were prior to past increases in N deposition.
3.4. Conclusion
Historical ecology is inexorably linked with temporal scale, as it focuses on past
ecosystems and regards humans as one of numerous factors influencing these
systems (Szabó and Hédl 2011; Szabó 2015). Indeed, it can be argued that implicit
in the very study of ecology is a historical dimension (Figure 3.1), as ecologists
often seek to predict future responses of ecological systems, further predicting
spatial variation in their structure and function. This has become increasingly
relevant as ecologists consider ecosystem response to global change (Gilliam 2016).
Three decades of research at the Fernow Experimental Forest as part of the
Watershed Acidification Study underscores the essentiality of maintaining field
studies over long-term periods of time to address ecological processes, especially in
the context of global change.
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