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Growing demand for food from ﬁnite agricultural lands requires the optimization of agricultural management,
including the potential interactive eﬀects of these practices on ecosystems. We experimentally examined the
interactive and temporal eﬀects of three ranching practices (pasture management intensity, livestock grazing,
and prescribed ﬁre) on soil nutrients in 40 geographically-isolated seasonal wetlands. Wetlands were embedded
in a subtropical ranch, and the long-term experiment used a factorial design with wetlands as experimental units.
Soils (0–15 cm) were collected three times over 9 years; at experiment start (2007), one year after prescribed
burns started (2009), and seven years later (2016). Samples were analyzed for soil bulk density, organic matter
(OM), total nitrogen (N), carbon (C), and phosphorous (P). A lag eﬀect was observed in response to ﬁre; differences were not observed in 2009, but were detected in 2016 after multiple ﬁre cycles had occurred.
Rangeland practices showed 2- and 3-way interactive eﬀects, especially for total P and N stocks. Total P increased most in the wetlands embedded within highly managed, grazed, and burned pastures
(2.31 ± 0.76 g m−2 yr−1), consistent with legacy eﬀects of historical fertilizer application, cattle activity, and
ash deposit due to ﬁre. Wetlands in semi-natural and burned pastures had the lowest rates of soil N storage
(5.13 ± 7.33 g m−2 yr−1) compared to all other treatments (24.5 ± 10.8 g m−2 yr−1). Total C stocks were not
signiﬁcantly impacted by ranching practices throughout the study. In summary, ranching practices can additively and interactively alter soil nutrient stocks after a time lag, and legacy eﬀects of P application still impact
wetlands decades later. Our study is one of few focused on ranchland wetlands and shows that wetlands in highly
managed, grazed, and/or burned pastures can sequester soil P and N, playing an important role in nutrient
processing for agricultural landscapes and watersheds.

1. Introduction
The Food and Agriculture Organization (2011) projects that by
2050, food production will need to increase by 70% to feed the growing
population and more than 80% of the increase will be from intensiﬁcation of current agricultural lands. Among agricultural lands,
pastures (used for grazing livestock) are globally important because
they occupy 25% of all land area that is not permanently frozen
(Wright, 1990). Ranching practices, including pasture intensiﬁcation,
managed livestock grazing intensity and timing, and prescribed burns,
can alter soil nutrient dynamics and ecosystem health (Swain et al.,
2007; McGranahan et al., 2014). Pastures vary in their degree of human
alteration (e.g., fertilization, irrigation/drainage, seeding), ranging
from natural rangelands to highly managed pastures. Intensive pasture
management historically results in land degradation, eutrophication,

biodiversity loss, and an increase in greenhouse gas emissions (IPCC,
2014). Livestock grazing inﬂuences greenhouse gas emissions soil erosion and nutrient runoﬀ, sometimes resulting in eutrophication of water
bodies (Mckergow et al., 2012). Livestock grazing also increases incorporation of surface litter into the soil and root exudation, therefore
cattle removal can result in decreased microbial biomass and mineralizable pools of C and N (Bardgett et al., 1999; Wang et al., 2006).
Finally, prescribed ﬁre is commonly used to reduce woody plants cover
and to increase nutrient concentrations in soil, hence promoting high
quality forage grasses (Griﬃn and Friedel, 1984; Boughton et al.,
2015). Prescribed ﬁre will also reduce N in the soil through volatilization (Reinhart et al., 2016). While the short-term eﬀects of individual
ranching practices have been studied in detail (e.g., Vermeire et al.,
2014; Little et al., 2015; Mérő et al., 2015), few studies have considered
the long-term and interactive eﬀects that these practices have on
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(Fig. 1). Due to modest elevation diﬀerences and pasture management
practices, the vegetation diﬀers between the two pasture types, and the
underlying soil types are a mosaic of Endoaqualfs such as Bradenton,
Felda, and Hicoria muck. Higher elevation areas are dominated by
Alaquods like Myakka sands (Sperry, 2004). HMPs are dominated by
introduced grasses (Paspalum notatum) and SNPs contain P. notatum, as
well as native grasses like Andropogon spp., and Panicum spp. (USDA,
1989; Boughton et al., 2015).

ecosystems (Boughton et al., 2015).
Geographically-isolated seasonal wetlands are common in ranchlands
worldwide and play an important role in soil nutrient sequestration
(Gathumbi et al., 2005; McCauley et al., 2015; Dunmola et al., 2010;
Cohen et al., 2016). Despite being geographically separated from other
aquatic bodies, these wetlands are vast in number, act as hydrological
conduits between rangelands and downstream water bodies, and serve a
vital ecological role as sinks and transformers of carbon (C), nitrogen (N),
and phosphorus (P) (McCauley and Jenkins, 2005; Reddy and DeLaune,
2008; McCauley et al., 2015; Cohen et al., 2016). Wetlands in pastures
are focal points for ecological management of agricultural lands because
wetlands are signiﬁcant C reservoirs and potential C sinks (depending on
local conditions) that can help mitigate global climate change (IPCC,
2014). Furthermore, N and P from fertilizer runoﬀ and animal wastes can
either be retained in wetlands and removed (e.g., denitriﬁcation), or else
released downstream, resulting in eutrophication and algal blooms
downstream (Reed-Andersen et al., 2000; Whigham and Jordan, 2003;
Gathumbi et al., 2005). Therefore, functional wetlands within agrarian
landscapes are essential to sustainable rangeland practices by serving as
on-site water treatment systems and nutrient storage reservoirs, in addition to serving as biodiversity hotspots and livestock watering and
forage sites (Dunne et al., 2007; Medley et al., 2015). The question then
becomes a matter of evaluating the potential beneﬁt of wetlands to
agriculture and using that knowledge to optimize wetland ecological
functions (McCauley et al., 2015).
This research used a long-term experiment to evaluate main and
interactive eﬀects of ranching practices (pasture management intensity,
livestock grazing, and prescribed burns) on soil nutrients in wetlands.
By analyzing data periodically collected over nine years, we sought to
evaluate the lag time between the implementation of practices and
observed eﬀects. We hypothesized that there would be a lag time
(< 2 years) before interactive ranching practices would alter soils
based on previous studies and observations that suggested that subtropical regions generally show quicker soil responses (< 2 years) to
management than other systems due to their high mean annual precipitation and primary productivity (Lugo and Brown, 1993; Oesterheld
et al., 1999; Brando et al., 2016; Hu et al., 2016). Speciﬁcally, we expected: (i) greater organic matter (OM), total C, and N concentrations in
soils of highly managed, grazed, and burned wetlands due to fertility,
grazing (i.e., cattle “mulching” and trampling during ineﬃcient grazing
of emergent wetland vegetation), and vegetation responses to ﬁre; and
(ii) greater total P in highly managed wetlands, regardless of other
management practices, due to a legacy eﬀect of historical fertilizer
application.

2.2. Experimental design and soil sampling
A 2 × 2 × 2 complete factorial design was used to understand the
interactive eﬀects of three practices: pasture management (HMP or
SNP), cattle removal (grazed or fenced), and prescribed burns (burned
or unburned) on soils in wetlands embedded within each experimental
pasture (Boughton et al., 2015). The eight diﬀerent treatment combinations were each replicated ﬁve times for a total of 40 wetlands in a
randomized block design that accounted for spatial diﬀerences (Fig. 1).
The 40 wetlands were relatively similar in sizes and hydroperiod. All 40
wetlands were sampled during February/March 2007 before fencing
and prescribed ﬁre treatments were applied (i.e., representing only
pasture eﬀects). Soils were sampled and analyzed for bulk density, organic matter, total P, total C, and total N. Each wetland was split into 4
quadrants bounded by cardinal directions (N, E, S, and W), plus a
central zone (5 zones total), and a marker was randomly placed in each
zone. Two 0–15 cm soil cores were randomly collected near the marker
within each zone and composited to account for heterogeneity of soils.
Diﬀerences in pasture management (HMP vs. SNP) had been in effect for almost 4 decades at the study start (2007), but wetland exclosures and experimental prescribed burns had not yet been implemented (however, prior to the experiment, wetlands were exposed to
prescribed burns on an irregular basis as dictated by routine management of surrounding pastures).
Barbed-wire fences were installed around 20 randomly selected
wetlands in February/March 2007 (10 per pasture type), directly after
initial sampling, and left in place for the entire experiment. These
fences successfully exclude cattle, though feral pigs could still enter
wetlands and disrupt soils there. The grazed pastures were exposed to
typical grazing pressure for a cow-calf operation in Florida and based
on pasture condition. Throughout the nine years, grazed HMPs had an
average stocking density of 2.56 cow ha−1 and a stocking rate of 16.7
animal unit month (AUM) ha−1. On the other hand, grazed SNPs had an
average stocking density of 1.14 cows ha−1 and 6.89 AUM ha−1. Cattle
activity was not tracked throughout the experiment other than through
tracking stocking rates of individual pastures, but cattle have free access to wetlands within the same pasture and regularly use wetlands to
forage and drink.
All 20 wetlands randomly assigned to the burned treatment experienced prescribed burns in February of 2008 and 2011. Twelve of 20
wetlands were burned again in February 2013, and the remaining 8
wetlands were burned in March 2014 (permitted burns are seasonal and
weather-dependent). The 40 wetlands were resampled using the above
protocol in February 2009 and May 2016.

2. Materials and methods
2.1. Study area
This study took place in subtropical pastures of Florida’s northern
Everglades, at the MacArthur Agro-Ecology Research Center (MAERC)
at Buck Island Ranch (27°09′N 81°11′W). Buck Island Ranch is a 4170ha cattle ranch and research laboratory with > 600 wetlands ranging in
size from 0.007 to 41.9 ha and inundated up to 10 months out of the
year (Boughton et al., 2015). Buck Island Ranch is in the greater
Everglades watershed where eutrophication is a major concern and
cattle ranching is regionally prevalent (Gathumbi et al., 2005; Smith
et al., 2006). Historical pasture management practices led to two distinctive pasture types: semi-natural and highly-managed pastures.
Highly-managed pastures (HMPs) were heavily ditched to drain pastures (Fig. 1) and fertilized annually from 1970 to 1987 with
52 kg ha−1 of NH4SO4 or NH4NO3 and 18 kg ha−1 of P2O5 and K2O
(Boughton et al., 2011). After 1987, P fertilization stopped, but N fertilization continues on a regular basis with 56 kg ha−1 of NH4SO4 or
NH4NO3, usually every two years. In contrast, semi-natural pastures
(SNPs) have never been fertilized and have lower ditching densities

2.3. Sample analysis
Each bulk soil sample (0–15 cm depth) was weighed and ∼100 g
from each duplicate sample per quadrant was composited for a total
sub-sample weight of 200 g. The composite samples were oven dried in
a ThermoFisher Heratherm oven (ThermoFisher Scientiﬁc, Waltham,
MA) at 70 °C for 72 h and weighed again, where the diﬀerence in
weights indicated gravimetric moisture content and ﬁnal weight was
used to calculate soil bulk density. Afterwards, the oven dried samples
were ground with a SPEX Sample Prep Mixer Mill 8000 M (Metuchen,
NJ) for organic matter (OM) content and total C and N analysis on an
Elementar Vario Micro Cube (Elementar Americas Inc., Mount Laurel,
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Fig. 1. Map of the 40 experimental wetlands
at Archbold Biological Station’s Buck Island
Ranch. Highly managed pastures are shaded
dark gray, and semi-natural pastures appear
light gray. Cattle exclosure wetlands are
surrounded by black diamonds. Burned
wetlands are shaded in black and unburned
wetlands appear white.

2.4. Statistical analyses

NJ, detection limits = 10 mg/kg). For 2007 and 2009, total C and N
(detection limits = 10 mg/kg) were analyzed at the University of
Georgia’s Stable Isotope Ecology Lab using a Carlo Erba Strumentazione
NA 1500C/H/N Analyzer (Milan, Italy). Percent OM was determined on
dried, ground subsamples by ashing for four hours at 550 °C in a
ThermoFisher Isotemp muﬄe furnace (ThermoFisher Scientiﬁc,
Waltham, MA) via the loss-on-ignition method. The ashed subsamples
were then digested with 50 mL of 1 M HCl at 150 °C for 30 min after
Andersen (1976) and analyzed for total P on an AQ2 Discrete Analyzer
(Seal Analytical, Mequon, WI) using EPA method 365.1 Rev. 2 (detection limit = 0.006 mg P/L; U.S. Environmental Protection Agency,
1993). Data were expressed as stocks (i.e., g m−2) by adjusting calculated concentrations (nutrient% soil) for bulk density (g soil cm−3) and
height of the soil core (15 cm).

Data were analyzed separately for each time period: 2007 (initial
pasture conditions), 2007–2009 (i.e., the change from initial conditions, 1 year after all treatments were applied), and 2007–2016 (i.e.,
the change from initial conditions, 9 years after all treatments were
applied). Two outliers were removed from analyses (one highly managed, fenced, and burned wetland in 2007–2009 analyses, and a seminatural, fenced, and unburned wetland from the 2007–2016 analyses);
outliers were identiﬁed using the maximum normed residual test
(Grubbs’ test) at a signiﬁcance level of α = 0.05. Data were analyzed
using a generalized linear mixed model with the glmmADMB package
from R Statistics (R Foundation for Statistical Computing, Vienna,
Austria; Bolker et al., 2012), where pasture type (pasture), exclosures
132
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(−0.019 ± 0.018 g cc−1 yr−1) and increased in grazed wetlands
(0.007 ± 0.007 g cc−1 yr−1). An interactive eﬀect of pasture X prescribed burns was observed in 2016 for total N with net loss in soil N
stocks only in wetlands of burned SNPs (ΔN < 0) (Fig. 3). All other
wetlands showed notable increases in N (24.5 ± 10.8 g m−2 yr−1) in
2016. Only total P stocks showed three-way interactions in 2016
(Table 2). Fencing and grazing did not aﬀect total P stocks in wetlands
in SNPs (Fig. 4a), but a strong fence X burn interaction occurred in HMP
wetlands. In wetlands embedded within HMPs, we observed the highest
increase in soil total P in grazed and burned wetlands (Fig. 4b).
Ranching practices did not alter total C stocks signiﬁcantly in the long
term.
In summary, prescribed burns, cattle removal, and long-term pasture management interacted after a time lag to control P sequestration
or N removal in wetlands, where greater responses were observed with
greater nutrient loading. In general, semi-natural wetlands were more
oligotrophic and thus had more muted responses. Maximal P content
were observed in highly managed, grazed, and/or burned wetlands, and
a signiﬁcant decrease in soil N storage occurred in semi-natural and
burned wetlands.

(fenced), and ﬁre (burned) were ﬁxed eﬀects and blocks were a random
factor (as in Boughton et al., 2015). For all models, treatments were
compared to semi-natural, grazed, and unburned wetlands; the combination representing the absence of experimental treatments. Underlying data distributions were evaluated by computing each model using
two distributions (Gaussian and Gamma), where the model with the
lowest Akaike Information Criterion (AICc) weight was considered the
most plausible model (Burnham and Anderson, 2002). Gamma distributions permit ﬂexibility in data distributions, including dispersion,
relative to a Gaussian distribution. The AICc weights were computed
using the bbmle package in R (Bolker, 2013). Assumptions of normality
and homogeneity were evaluated for each most plausible model by
residual plots. Planned contrasts and Tukey’s Honestly Signiﬁcant Difference test (HSD) were used for post-hoc analyses to compare means
where signiﬁcant diﬀerences were observed, using the glht function in
the multcomp package (Hothorn et al., 2016).
3. Results
3.1. Baseline soil properties (2007)
In 2007, pasture management showed no signiﬁcant diﬀerences in
measured wetland soil properties despite being in eﬀect for 4 decades
(Table A1). Wide variability among wetlands in mean values for soil
properties could have potentially obscured any pasture eﬀects. To account for this variation, treatment eﬀects in subsequent years were
analyzed as the annual change from these initial conditions.

4. Discussion
4.1. Lag eﬀects and short term eﬀects
This study examined how ranching practices (pasture management
intensity, livestock grazing, prescribed ﬁre) aﬀected soil properties
after nine years. Here we observed eﬀects of cattle exclosure after two
years, and eﬀects of prescribed burning (done in 2008, 2011, and 2013
or 2014) after 2+ years. This delay to prescribed burns is consistent
with the literature (Weiss, 1980; Griﬃn and Friedel, 1984; Laubhan,
1995) and reﬂects the need for repeated burns to signiﬁcantly alter soil
nutrients through vegetation shifts, aboveground productivity changes
and reduction of nutrient input from litterfall (Christy et al., 2014;
Sulwiński et al., 2017). This is important but expected, since time is
important in ecological studies. Animal-plant-soil relationships are
complex and changes in disturbance regimes can take years to manifest,
as evidenced by extinction debt, invasion debt, and colonization credit
for soil-organism interactions (Jackson and Sax, 2010; Gilbert and
Levine, 2013). Determining lag periods for soil-organism interactions,
such as those that control nutrient storage and loss, is critical to understanding how land use practices aﬀect ecological structure and
function.

3.2. Short-term eﬀects (change from 2007 to 2009)
Singular grazing eﬀects and interactive eﬀects of grazing X pasture
were observed in 2009. Cattle exclosure (i.e., fenced wetlands) signiﬁcantly decreased soil compaction by on average 0.09 g cc−1 yr−1
relative to grazed wetlands in semi-natural pastures (Table 1). A pasture
X fence interaction was observed for soil OM and P stocks. Little change
in soil OM stocks were observed in wetlands embedded within SNPs
(Fig. 2a). In HMPs however, soil OM stocks signiﬁcantly decreased (Δ
OM < 0) in fenced wetlands and increased in grazed wetlands. In
contrast to OM stocks, soil P stocks increased in all wetlands, with similar stocks in all fenced wetlands, regardless of pasture type (Fig. 2b).
Grazing in HMPs resulted in the greatest increase in soil P concentrations, whereas total P stocks responded less to grazing in SNPs. There
was no evidence that prescribed burns one year earlier had changed soil
characteristics (Table 1). None of the three experimental ranching
practices signiﬁcantly aﬀected total C or N stocks at this time.

4.2. Interactive eﬀects of ranching practices on soil nutrient concentrations
Our results also show the importance of interactive eﬀects of
ranching practices on soil nutrient concentrations. Seven years after all
treatments began, we observed increased total P stocks in highly
managed, grazed, and/or burned wetlands. Furthermore, only seminatural and burned wetlands showed reduced soil N storage after seven
years. These results strongly support the hypothesis that grazing and

3.3. Long-term eﬀects (change from 2007 to 2016)
Seven years after all treatments were in eﬀect, signiﬁcant treatment
eﬀects were observed in 2016 for every measured soil property except
OM and total C (Table 2). Bulk density did not exhibit interactive effects,
but
signiﬁcantly
decreased
in
fenced
wetlands

Table 1
Model ﬁxed-eﬀect coeﬃcients ± 95% conﬁdence interval for annual changes between 2007 and 2009 in soil properties, where coeﬃcients represent diﬀerences relative to wetlands in
semi-natural pastures that are not fenced or burned. * indicates p ≤ 0.05, ** indicates p ≤ 0.01; *** indicates p ≤ 0.001.
Factor

Bulk Density (Δ g cc−1 yr−1)

Organic Matter (Δ kg m−2 yr−1)

Total C (Δ kg m−2 yr−1)

Total P (Δ g m−2 yr−1)

Total N (Δ g m−2 yr−1)

Pasture (P)
Fenced (F)
Burned (B)
P×F
P×B
F×B
P×F×B

−0.02 ± 0.07
−0.09 ± 0.07*
−0.02 ± 0.07
0.05 ± 0.10
0.01 ± 0.10
0.07 ± 0.10
−0.05 ± 0.15

−1.46 ± 1.63
−1.6 ± 1.63
−0.83 ± 1.63
3.74 ± 2.31**
0.84 ± 2.31
2.22 ± 2.31
−4.70 ± 4.78

0.18 ± 0.43
0.13 ± 0.43
0.12 ± 0.43
−0.33 ± 0.61
0.01 ± 0.61
−0.25 ± 0.61
0.21 ± 0.86

−0.35 ± 2.82
−2.29 ± 2.82
−1.32 ± 2.82
10.8 ± 7.96**
1.00 ± 3.98
2.50 ± 3.98
−4.53 ± 7.96

35.9 ± 66.5
10.4 ± 66.5
21.9 ± 66.5
−66.0 ± 94.0
20.3 ± 94.0
−46.3 ± 94.0
6.75 ± 134

Bold values represent signiﬁcant coeﬃcients.
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Fig. 2. Signiﬁcant pasture X cattle removal interaction on OM and total P stocks after 2 years of implementation. Values represent the mean change yr−1 ± 95% conﬁdence interval. *
indicates values that diﬀered signiﬁcantly from semi-natural and grazed pastures (absence of experimental treatments).

Table 2
Model coeﬃcients ± 95% conﬁdence interval for annual changes between 2007 and 2016 in soil properties, where coeﬃcients represent diﬀerences relative to wetlands in semi-natural
pastures that are not fenced or burned. * indicates p ≤ 0.05, ** indicates p ≤ 0.01; *** indicates p ≤ 0.001.
Factor

Bulk Density (Δ g cc−1 yr−1)

Organic Matter (Δ kg m−2 yr−1)

Total C (Δ kg m−2 yr−1)

Total P (Δ g m−2 yr−1)

Total N (Δ g m−2 yr−1)

Pasture (P)
Fenced (F)
Burned (B)
P×F
P×B
F×B
P×F×B

−0.01 ± 0.02
−0.02 ± 0.02*
0.00 ± 0.02
−0.01 ± 0.02
−0.02 ± 0.02
0.01 ± 0.02
0.01 ± 0.03

−0.22 ± 0.54
−0.34 ± 0.54
0.49 ± 0.54
0.20 ± 0.77
−0.52 ± 0.77
−0.56 ± 0.77
1.05 ± 1.09

0.05 ± 0.10
0.01 ± 0.10
0.02 ± 0.10
−0.00 ± 0.15
−0.04 ± 0.15
0.00 ± 0.15
−0.03 ± 0.21

−0.58 ± 1.08
0.27 ± 1.08
0.06 ± 1.08
0.98 ± 1.53
0.29 ± 1.53
−0.43 ± 1.53
−2.37 ± 2.17*

26.6 ± 17.3**
4.08 ± 17.3
13.4 ± 17.3
−1.18 ± 24.6
−27.7 ± 24.6*
−0.95 ± 24.6
−8.52 ± 34.9

Bold values represent signiﬁcant coeﬃcients.

prescribed burns can additively or interactively enhance nutrient sequestration for wetlands embedded in highly-managed pasture lands.
For example, animal-plant-soil interactions played an important role in
total P stocks, where highly managed, grazed, and burned wetlands
stored P (2.31 g m−2 yr−1) at rates comparable to sub-tropical riparian
ﬂoodplains (3.6 g m−2 yr−1; Mitsch et al., 1979). The dominant plant
species in grazed and burned wetlands in highly managed pastures was
the slow growing and unpalatable Juncus eﬀusus which stores less P in
aboveground tissues than faster growing dominant species in fenced
wetlands (e.g. Panicum hemitomon), resulting in greater soil P concentrations in grazed and burned HMPs.
Soil N stocks was aﬀected by pasture management and prescribed
burns. All pasture management X prescribed burns treatments had
changes in soil N stocks (24.5 ± 10.8 g m−2 yr−1) similar to natural
subtropical wetlands (39–46 g m−2 yr−1; Mitsch et al., 2005, 2012)
except
for
semi-natural
and
burned
wetlands
(5.13 ± 7.33 g m−2 yr−1). Most likely, increased nutrient export

Fig. 3. Signiﬁcant pasture X burn interaction on total N stocks from 2007 to 2016. Values
represent the mean change yr−1 ± 95% conﬁdence interval. Positive change in soil
properties represent increases in soil property values and negative change values indicate
a decrease in the soil property over time. * indicates p < 0.05, ** indicates p < 0.01;
*** indicates p < 0.001 for Tukey’s HSD test comparison to semi-natural and unburned
conditions (absence of experimental treatments).

Fig. 4. Signiﬁcant three-way interactions on total P from 2007 to 2016. Values represent the mean change yr−1 ± 95% conﬁdence interval. Positive change in soil properties represent
increases in soil property values and negative change values indicate a decrease in the soil property over time. * indicates p ≤ 0.05, ** indicates p ≤ 0.01; *** indicates p ≤ 0.001 for
Tukey’s HSD test comparison to semi-natural, grazed, and unburned pastures (absence of experimental treatments).
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despite their prevalence and use globally. To better balance ecosystem
health and ranching operations, future studies should elucidate the
eﬀects of ranching practices on the fate of C, N, and P and include
similar experimental designs to compare to results here. Ideally, more
frequent sampling intervals and in-depth inﬁltration rate and runoﬀ
studies could be conducted to determine nutrient pathways and examine progressive changes in the soil proﬁle that could inﬂuence soil
nutrient sequestration.

coupled with decreasing nutrient input from litterfall reduced N stocks
in semi-natural and burned wetlands. Based on soil nutrient stocks in
our study, “isolated” seasonal wetlands can serve substantial roles in
watersheds by sequestering nutrients into the soil and thereby limiting
downstream eutrophication. Future studies on primary production,
greenhouse gas emissions and surface water runoﬀ should be completed
to evaluate these wetlands as net nutrient sinks or sources.
4.3. A legacy eﬀect of historical phosphorous application

4.4. Management implications and ecosystem services
Lastly, our study demonstrates the importance of a legacy eﬀect of P
from fertilizer application over 30 years ago (Swain et al., 2007) and
that was made more apparent after other management practices were
experimentally implemented. Due to its lack of a gaseous phase and low
solubility, P often adsorbs to soil particles (clay, metal oxides, and
hydroxides) where it can form insoluble compounds (ﬁxed P) unavailable for plant uptake. Over time, P can build up in the soil until it
reaches its saturation point and is removed through microbial metabolism or export from runoﬀ (Reddy et al., 2011). However, due to the
long slow nature of P saturation, eﬀects of P addition have generally
been documented decades after addition, resulting in a legacy eﬀect of
P applications in watersheds (Hart et al., 2004; Gathumbi et al., 2005;
Trimble, 2010; Hamilton, 2011; Sharpley et al., 2013).
Pasture intensiﬁcation (including P application) in the region impacts total P more than other practices, such as cattle stocking rates
(Gathumbi et al., 2005; Capece et al., 2007). The detection of a P legacy
eﬀect 31 years after application ended aligns with other studies that
have shown it can take anywhere from 15 to 100+ years for P application eﬀects to be observed in the top 15 cm of the soil (Reddy et al.,
1999). Interestingly, total P was not signiﬁcantly diﬀerent in HMPs at
the start of the experiment in 2007, suggesting that cattle activity and/
or prescribed burns confounded detection of P loading and thus may
have played a large role in facilitating P cycling. Our study supports the
importance of legacy eﬀects for P in watersheds and the importance of
understanding historical land uses applications for current water
management practices. Furthermore, results here support the need for
more long-term studies on nutrient dynamics and ranching practices.
This experiment was unique in that it studied the interactive eﬀects
of diﬀerent ranching practices for nine years, allowing for long term
and interactive eﬀects to be discerned. Signiﬁcant eﬀects of interactive
ranch practices were detected with a sampling regime consisting of new
random points every year and despite signiﬁcant soil heterogeneity.
While the results of this study aligned with the literature, results here
demonstrate a need for more research on the complex relationships
between wetland ecosystem services and management goals. In addition, “isolated” seasonal wetlands in rangelands are often overlooked

Understanding ecosystem services and synergies and tradeoﬀs
among multiple ecosystem services provided by wetlands will improve
agroecosystem management (Qiu and Turner, 2013; Butterﬁeld et al.,
2016). Land managers who seek to achieve multiple goals associated
with soil ecosystem services will need to employ diverse management
regimes in wetlands embedded in highly managed pastures (Eastburn
et al., 2017). Interestingly, this study showed that wetlands embedded
in highly managed pastures were better at soil nutrient sequestration
compared to SNPs, but studies on the same wetlands have shown that
SNPs contain higher biodiversity and less non-native plant species
(Boughton et al., 2010, 2015). Taken together, these studies show
evidence of a tradeoﬀ between soil nutrient sequestration and biodiversity. In other words, converting SNP wetlands to HMP wetlands may
increase soil nutrient sequestration but decrease biodiversity. Thus, a
mosaic of diﬀerent management practices is likely crucial to maintaining multi-functional ecosystems services in agroecosystems at the
landscape level (Power, 2010).
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Appendix A
See Tables A1–A3.

Table A1
Initial mean values ± 95% conﬁdence interval for soil properties in 2007, before wetlands were experimentally burned or fenced to exclude cattle. Note variation among treatments yet
to be applied; treatment eﬀects were analyzed as changes after 2007, per wetland.
Pasture

Treatmenta

Bulk Density (g cc−1)

Organic Matter (kg m−2)

Total C (kg m−2)

Total P (g m−2)

Total N (g m−2)

Highly Managed Pastures

Fenced × Burned
Grazed × Burned
Fenced × Unburned
Grazed × Unburned
Fenced × Burned
Grazed × Burned
Fenced × Unburned
Grazed × Unburned

0.95
0.80
0.94
0.97
0.92
0.90
0.98
0.97

17.6
20.7
17.2
15.2
15.6
15.7
17.1
15.2

8.52
9.21
7.94
7.73
7.74
7.90
8.63
6.91

19.1
22.0
15.2
15.2
17.4
13.3
17.3
11.0

578
546
555
534
568
528
616
469

Semi-Natural Pastures

a

±
±
±
±
±
±
±
±

0.10
0.20
0.06
0.12
0.07
0.13
0.17
0.19

±
±
±
±
±
±
±
±

3.03
3.77
2.84
1.98
2.66
5.92
5.32
4.59

±
±
±
±
±
±
±
±

1.14
1.43
0.52
1.26
1.35
2.96
2.94
2.61

±
±
±
±
±
±
±
±

5.25
9.21
6.17
3.84
3.86
4.63
5.99
5.31

±
±
±
±
±
±
±
±

73.6
77.0
73.0
91.8
79.6
173
179
179

Only pasture treatments (i.e., Highly-managed and Semi-natural pastures) had been applied in 2007; fences to exclude cattle and prescribed ﬁres had not yet been applied.
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Table A2
Mean values ± 95% conﬁdence interval for soil properties for the annual change from 2007 to 2009 (i.e., one year after all treatments were applied).
Pasture

Treatment (applied)

Bulk Density
(Δ g cc−1 yr−1)

Organic Matter
(Δ kg m−2 yr−1)

Total C
(Δ kg m−2 yr−1)

Total P
(Δ g m−2 yr−1)

Total N
(Δ g m−2 yr−1)

Highly Managed
Pastures

Fenced × Burned
Grazed × Burned
Fenced × Unburned
Grazed × Unburned
Fenced × Burned
Grazed × Burned
Fenced × Unburned
Grazed × Unburned

−0.04 ± 0.03
−0.02 ± 0.10
0.04 ± 0.08
0.00 ± 0.02
−0.02 ± 0.03
0.01 ± 0.05
−0.07 ± 0.03
0.00 ± 0.01

−1.04 ± 1.06
−0.73 ± 2.19
−1.05 ± 1.54
1.10 ± 0.82
−0.42 ± 0.65
0.87 ± 1.77
0.42 ± 0.65
−1.18 ± 0.74

−0.51 ± 0.58
0.75 ± 0.99
0.19 ± 0.93
1.04 ± 0.56
0.47 ± 0.31
0.07 ± 0.04
0.93 ± 0.95
0.44 ± 0.99

5.85
6.90
6.15
9.25
5.20
38.9
7.50
4.21

−33.1 ± 31.2
62.0 ± 54.0
9.10 ± 58.5
65.0 ± 37.1
23.2 ± 25.7
2.56 ± 1.59
45.1 ± 73.0
34.7 ± 64.0

Semi-Natural
Pastures

±
±
±
±
±
±
±
±

1.41
4.05
2.92
2.52
1.07
27.6
2.23
1.23

Table A3
Mean values ± 95% conﬁdence interval for soil properties for the annual change from 2007 to 2016.
Pasture

Treatment

Bulk Density
(Δ g cc−1 yr−1)

Organic Matter
(Δ kg m−2 yr−1)

Total C
(Δ kg m−2 yr−1)

Total P
(Δ g m−2 yr−1)

Total N
(Δ g m−2 yr−1)

Highly Managed
Pastures

Fenced × Burned
Grazed × Burned
Fenced × Unburned
Grazed × Unburned
Fenced × Burned
Grazed × Burned
Fenced × Unburned
Grazed × Unburned

−0.02 ± 0.02
−0.01 ± 0.02
−0.02 ± 0.01
−0.01 ± 0.02
0.00 ± 0.01
0.01 ± 0.01
−0.00 ± 0.01
0.01 ± 0.01

0.68
1.04
0.72
0.58
1.42
0.53
0.94
0.60

0.32
0.15
0.47
0.08
0.37
0.52
0.29
0.45

1.96
2.31
3.50
1.06
1.67
1.72
1.82
1.46

20.8
6.58
27.4
3.68
19.8
33.1
16.6
29.0

Semi-Natural
Pastures

±
±
±
±
±
±
±
±

0.37
0.44
0.25
0.50
0.83
0.32
0.39
0.68

±
±
±
±
±
±
±
±

0.27
0.17
0.22
0.14
0.16
0.32
0.13
0.35

±
±
±
±
±
±
±
±

1.10
0.76
2.84
1.07
0.95
0.83
0.89
1.28

±
±
±
±
±
±
±
±

16.4
12.2
9.08
9.47
15.8
20.3
11.1
22.1

in a working landscape. PLoS One 12 (3). http://dx.doi.org/10.1371/journal.pone.
0166595.
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