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Abstract: The biogeochemistry of nitrogen (N) and phosphorus (P) in tropical streams and rivers is
strongly regulated by the pronounced seasonality of rainfall and associated changes in hydrology.
Land use and land cover change (LULCC) can also be a dominant driver of changes in stream
biogeochemistry yet responses are not fully understood and vary across different LULCC scenarios.
We measured dissolved and total nitrogen (N) and phosphorus (P) concentrations in four tributary
streams of the Temash River watershed in southern Belize, Central America. The dominant land use
practice in each of the four study catchments was swidden agriculture. We documented a strong
seasonal control on the export of nutrients from these study systems with daily N fluxes increasing
approximately 10-fold during the onset of the rainy season. P fluxes increased almost 4-fold during
the same time period. Comparisons with nutrient export coefficients from other tropical streams
suggest that nutrient export in streams of the Temash River watershed is similar or slightly lower.
Establishing improved understanding of the terrestrial and hydrologic controls of N and P transport
across the terrestrial-aquatic boundary and developing a comprehensive nutrient budget that includes
inputs and outputs associated with crop production is warranted in future work.
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1. Introduction

Tropical streams and rivers have long served as a nexus for rural livelihoods. They provide
an array of ecosystem services to rural communities, including the replenishment of nutrient-rich
floodplain soils for agriculture, protein via fish and other aquatic game, transportation, and water
for drinking, washing, and irrigation [1]. These ecosystem services are closely linked to the seasonal
hydrological variability (i.e., dry vs. wet seasons) across the Neotropics, which is associated with
seasonal migrations of the intertropical convergence zone [2] and the El Niño Southern Oscillation [3].
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During the dry season river discharge is low and groundwater is an important component of overall
flow. The onset of the wet season brings greater discharge and increased connectivity between the
stream channel and the adjacent riparian zone, especially during flood periods [4].

Human-induced environmental changes have a disproportionately large effect on the structure
and function of tropical freshwater ecosystems and their ability to provide ecosystem services [1,5,6].
Such impacts include altered hydrologic regimes [7], biodiversity loss [8], and disruption of
biogeochemical cycles [9,10]. Disruption of nitrogen (N) and phosphorus (P) biogeochemical cycles
is of particular concern because it can lead to eutrophication of freshwater ecosystems and their
downstream estuaries [10–13].

One of the primary drivers of altered nutrient biogeochemical cycles in tropical freshwater
ecosystems is land use and land cover change (LULCC) associated with agricultural expansion. There
is an extensive literature on the impacts of tropical forest conversion to pasture that documents
reduced rates of N and P cycling and concomitant reductions in stream nitrate (NO3

−) concentrations
coupled with increases in dissolved organic N and P [14–18]. In contrast to pasture, recent expansion
of large-scale agriculture in South America, particularly for soybean cultivation, has not caused
large increases in dissolved N and P concentrations in adjacent surface waters relative to forested
catchments [19,20].

Largely missing from the literature, however, are assessments of the impacts of swidden
agriculture on freshwater ecosystems. Small-scale farmers who practice swidden agriculture have
long been characterized as primary agents of conversion of forest to agriculture in the tropics [21–23].
Swidden is one of the dominant land use systems in the tropics [24]; more than 250 million people
are thought to practice swidden agriculture as their primary livelihood [25]. At its core, swidden
agriculture includes clearing forest patches, burning the fallen biomass, cultivating food crops, and
then fallowing the area before reclearing and planting again. In the Maya forest of northern Central
America, swidden agriculture, locally referred to as ‘milpa’, has been the region’s most pervasive land
use strategy for millennia [26]. Whereas the impact of ancient land use practices and milpa agriculture
on both terrestrial and aquatic ecosystems in the Maya forest area has been the focus of research for
many years [27], limited attention has been given to the impact of contemporary swidden agriculture
on aquatic ecosystems in the Maya forest region. To our knowledge, only three studies from this region
have examined soil erosion vulnerability and loss of riparian forests within a landscape of mixed land
uses that include swidden agriculture, pasture, and commercial agriculture [28–30].

The current study contributes to the literature on terrestrial–aquatic interactions within a
landscape dominated by swidden agriculture by establishing baseline in-stream nutrient concentrations
(N and P) in four tributary streams of the Temash River watershed, in southern Belize. Our specific
objectives were to (i) characterize discharge patterns in relation to precipitation and catchment
characteristics for each study catchment, (ii) examine differences in seasonal and longitudinal in-stream
nutrient concentrations and nutrient fluxes within each study catchment, and (iii) compare estimates
of nutrient export from the study catchments with estimates from other tropical catchments.

2. Materials and Methods

2.1. Study Site

The headwaters of the binational Temash River begin in Guatemala and flow eastward across
southern Belize to the Caribbean Sea and Gulf of Honduras (Figure 1). Its watershed is part of the larger
watershed of the Mesoamerican Barrier Reef, the 2nd largest barrier reef in the world. Approximately
400 km2 of the watershed’s 460 km2 are in Belize, and the Temash is one of 16 major watersheds in
Belize. It is one of only two such major watersheds in Belize that have never been instrumented with a
stream gauge or other hydrologic monitoring equipment [31].
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Figure 1. Locator map showing the study watershed (Temash River watershed) in southern Belize 
and the four catchments selected for in-stream nutrient monitoring-Crique Sarco (CRS), Yax Cal 
(YXL), Sunday Wood (SWD), and Conejo (CON). Coordinate system is Universal Transverse Mercator 
(UTM). 

2.4. Annual Rainfall Pattern 

A rain gauge (Tru-Chek® (supplier, city, country), graduated 1–150 mm) was installed in each 
of three communities within the CRS, SWD and CON catchments (Figure 1) in February 2007, and 
monitored through June 2008. Rain gauges were positioned in the open, >5 m from thatch-roofed 
structures. Total rainfall was recorded daily. The transition between the dry and rainy seasons in the 
Temash River watershed was determined using methods described in [39]. A 5-day running mean 
was calculated for total rainfall at each station. The onset (or end) of the rainy season had to satisfy 
three criteria: (1) mean daily precipitation was more (or less) than 4.0 mm; (2) six out of eight of the 
preceding (or subsequent) days must have had mean precipitation less (or more) than 3.5 mm; and 
(3) six out of eight subsequent (or preceding) days must have had mean precipitation more (or less) 
than 4.5 mm [39]. 

2.5. Instantaneous Discharge 

Instantaneous discharge (m3 s−1) at each sampling site was estimated during each sampling event 
using the float method [40]. Measurements were made irrespective of flow conditions and as such, 
do not represent a full expression of the hydrograph during flood events. Mean surface flow velocity 
(m s−1) was measured with a surface float and adjusted (multiplied by 0.85) to estimate mean velocity. 
The average flow velocity of two to four floats was used to estimate mean velocity. The mean velocity 
was then multiplied by the cross-sectional area of the stream channel (m2) at the time of sampling to 
calculate the instantaneous discharge rate (m3 s−1) [40].  

2.6. Sample Collection and Laboratory Analysis 

Water samples were collected using a modified synoptic sampling design [41] to achieve both 
spatial coverage and longitudinal sampling within each of the study catchments. Samples were 

Figure 1. Locator map showing the study watershed (Temash River watershed) in southern Belize and
the four catchments selected for in-stream nutrient monitoring-Crique Sarco (CRS), Yax Cal (YXL),
Sunday Wood (SWD), and Conejo (CON). Coordinate system is Universal Transverse Mercator (UTM).

The lower reaches of the Temash River lie within the Sarstoon-Temash National Park. The national
park is comanaged by the government of Belize and the local communities within the park’s buffer
zone. The lower reaches of the watershed also possess large stands of red mangrove (Rhizophora mangle)
and the only documented Sphagnum bogs in lowland Central America [32].

2.2. Catchment Selection, Delineation, and Characterization

We delineated the catchments of four major 2nd order tributaries of the Temash River. Crique
Sarco Creek (CRS) and Yax Cal Creek (YXL) drain into the middle reaches of the Temash River. Sunday
Wood Creek (SWD) and Conejo Creek (CON) drain into the large R. mangle estuary within the lower
reaches of the Temash River. Upstream sampling sites (e.g., YXL01, CRS01, SWD01, and CON01) were
selected during the dry season and represent the farthest upstream reaches that retained water during
the dry season. Downstream sites are near the confluence with the Temash River for CRS and YXL and
upstream of the lowland mangrove swamp for SWD and CON.

A geographic information system (ArcView and ArcInfo, ESRI, Redlands, CA, USA) was used
to delineate watershed boundaries for each study stream within the Temash River watershed using
a 30-m resolution SRTM-derived digital elevation model produced jointly by the U.S. Geological
Survey and Inter-American Biodiversity Information Network. Smaller catchments were delineated
above each sampling point within the larger stream watershed. Distributions of soil types within each
catchment were derived from a digitized version of the 1:250,000 map of the soils of Belize [33].

2.3. Land Use and Land Cover Analysis

To quantify the amount of active swidden agriculture we analyzed remote sensing imagery for the
study area. We obtained remote sensing images from the online Landsat archive of the U.S. Geological
Survey [34] and a SPOT (Satellite Pour l’Observation de la Terre) image from the time period from 1976
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to 2007, selecting a total of nine Landsat images and 1 SPOT image with minimal cloud cover (Table S1).
To avoid issues associated with vegetation phenology, all images were taken from a 10-week window
during the height of the dry season, a time when Maya farmers cut and dry their forest patches in
preparation for burning and planting.

The Landsat images (Level 1 product) have a spatial resolution of 30 m. The SPOT image
(Level 1B product) has a spatial resolution of ~23 m, which is georeferenced and resampled to 30 m,
matching the Landsat images. To carry out remote-sensing image classification, training, and test
data were selected randomly and verified through visual interpretation of the Landsat images and
comparing Google Earth images as well as with field data. Details of the methods used for image
classification are provided elsewhere [30,35,36]. In summary, we tested two classifiers: maximum
likelihood classification (MLC) using MATLAB discriminant analysis [37] and support vector machine
(SVM) implemented through the Library for Support Vector Machines (LIBSVM) MATLAB tool [38].
The two classifiers—MLC and SVM—returned similar classification accuracies, ranging from 93 to
98% for MLC and 96 to 99% for SVM. The SVM classification tended to overestimate cultivation area
for this region. Thus, further processing was based on the results of MLC. For this analysis, we did
not apply the median filter to the class maps because the individual patches under cultivation in the
study watersheds and the larger Temash River watershed are relatively small and very sensitive to the
median filter. The final class maps contained five land cover types: road/built-up area, cultivation,
vegetation, water, and cloud (for some years).

2.4. Annual Rainfall Pattern

A rain gauge (Tru-Chek®(supplier, city, country), graduated 1–150 mm) was installed in each
of three communities within the CRS, SWD and CON catchments (Figure 1) in February 2007, and
monitored through June 2008. Rain gauges were positioned in the open, >5 m from thatch-roofed
structures. Total rainfall was recorded daily. The transition between the dry and rainy seasons in the
Temash River watershed was determined using methods described in [39]. A 5-day running mean
was calculated for total rainfall at each station. The onset (or end) of the rainy season had to satisfy
three criteria: (1) mean daily precipitation was more (or less) than 4.0 mm; (2) six out of eight of the
preceding (or subsequent) days must have had mean precipitation less (or more) than 3.5 mm; and (3)
six out of eight subsequent (or preceding) days must have had mean precipitation more (or less) than
4.5 mm [39].

2.5. Instantaneous Discharge

Instantaneous discharge (m3 s−1) at each sampling site was estimated during each sampling event
using the float method [40]. Measurements were made irrespective of flow conditions and as such,
do not represent a full expression of the hydrograph during flood events. Mean surface flow velocity
(m s−1) was measured with a surface float and adjusted (multiplied by 0.85) to estimate mean velocity.
The average flow velocity of two to four floats was used to estimate mean velocity. The mean velocity
was then multiplied by the cross-sectional area of the stream channel (m2) at the time of sampling to
calculate the instantaneous discharge rate (m3 s−1) [40].

2.6. Sample Collection and Laboratory Analysis

Water samples were collected using a modified synoptic sampling design [41] to achieve both
spatial coverage and longitudinal sampling within each of the study catchments. Samples were
collected twice per month between April 2007 and June 2008, except during October 2007. Each
sampling event included longitudinal samples collected along the length of each stream, separated by
approximately 1 stream kilometer. Individual streams were sampled within 1 to 3 days of one another.
Water samples for dissolved nutrients were filtered in the field through 0.7-µm glass fiber filters and
collected in acid-washed 60-mL high-density polyethylene bottles. Samples for dissolved inorganic N
(DIN) analyses were preserved with ~20 µL of sulfuric acid to bring sample pH to <2. Samples for
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total soluble N (TSN) and P (TSP) and soluble reactive phosphorus (SRP) were not treated with acid.
Whole (unfiltered) water samples for total nitrogen (TN) and total phosphorus (TP) were collected
during three dry season months and four rainy season months. Samples were placed on ice in the
field, frozen within 24 h and analyzed in the Land Use and Environmental Change Institute’s lab at
the University of Florida within 3 months of collection.

Nutrient concentrations were analyzed on a Technicon Autoanalyzer II with a single-channel
colorimeter using standard colorimetric techniques. DIN (NO3

− + NO2
−) was measured by

cadmium reduction, and SRP concentrations were analyzed using the ascorbic acid–ammonium
molybdate method [42]. TSP and TP were measured on filtered (and unfiltered) samples by ascorbic
acid–ammonium molybdate colorimetry following acidic persulfate digestion. TSN and TN was
measured by cadmium reduction, after persulfate digestion on filtered and unfiltered samples,
respectively [42].

Instrument response was evaluated immediately following calibration, and thereafter, following
every 10 samples and at the end of each analytical run by analyzing a calibration standard and check
blank. Instrument detection limit for each analyte was calculated based on International Conference
on Harmonisation (ICH) guidelines using the standard deviation of the response and the slope of the
calibration curve. Precision was estimated from duplicate analyses. Detection limits and analytical
precision estimates for each analyte were SRP detection limit = 0.3 ppb, precision = 9%; TSP and TP
detection limit = 0.5 ppb, precision = 6.5%; DIN detection limit = 2.0 ppb, precision = 6.5%; and TSN
and TN detection limit = 16.9 ppb, precision = 2.9%.

2.7. Nutrient Fluxes and Annualized Nutrient Export

Instantaneous nutrient fluxes were calculated for each sampling event by multiplying the
instantaneous discharge (m3 s−1) by the nutrient concentration (mg L−1 = g m−3) to obtain g s−1 and
are expressed as load (kg day−1). Instantaneous discharge rates and instantaneous nutrient fluxes
were assumed to represent the average discharge and flux for each sampling interval (~15 days except
in months when only a single sample was collected). Annual nutrient export (kg ha−1 year−1) from
each study catchment was calculated by multiplying instantaneous fluxes (kg day−1) by the number of
days in each sampling interval, summing the resulting nutrient load (kg) over the year, and dividing
by catchment area (ha).

2.8. Statistical Analyses

Seasonal discharge estimates were not normally distributed (Shapiro–Wilk normality test;
W = 0.616; p < 0.050). Differences in discharge between the dry and rainy seasons were determined
using the nonparametric Mann–Whitney U statistic (p-value ≤ 0.05). Correlations between discharge
and antecedent rainfall (1-day, 7-day, 14-day, and 28-day prior) were determined using Spearman’s
rank order correlation coefficient.

Seasonal differences in nutrient concentrations within each catchment were tested by pooling
the dry season and rainy season nutrient concentrations from the most upstream (e.g., YXL01) and
farthest downstream (e.g., YXL05) sampling sites. Significant differences were assessed using t-tests
(p-value ≤ 0.05). In cases for which nutrient concentrations were not normally distributed, the
nonparametric Mann–Whitney U statistic (p-value ≤ 0.05) was used to test for significant differences
between seasons. Within-stream differences between upstream and downstream sampling sites were
also assessed for the dry and rainy seasons using the same test parameters.

3. Results

3.1. Catchment Characteristics and Land Cover Change

The four study catchments differ in size, geology, and soils. Geology varies across the catchments
and includes clastic sedimentary rocks, limestone, and alluvial deposits (Table 1). Land cover in the
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four catchments is dominated by agricultural lands [43]. The classification system used to identify
agricultural lands by [43] included areas under active cultivation, abandoned fields, and areas of
secondary forest growth previously used for cultivation. We refer to this as historical agricultural lands
for this study (Table 1). YXL and CRS Creeks have the highest overall percent land cover in agriculture
(77% and 75%, respectively). Agricultural lands in SWD and CON catchments comprise approximately
60% of the total land cover (Table 1).

Table 1. Catchment characteristics of the four study catchments in the Temash River watershed (all
data are for the catchment area of the farthest downstream sampling site).

Crique Sarco (CRS05) Yax Cal (YXL05) Sunday Wood (SWD04) Conejo (CON04)

Area (ha) 1084 469 3204 1384
Elevation (m) 53 26 41 28

Slope (%) 6.6 2.9 5.4 2.9
Geology (%)

Alluvial 0 0 60 27
Limestone 23 0 15 0

Clastic Sedimentary 77 100 25 73
Soils (%)
Cambisol 79 95 30 52
Fluvisol 0 5 61 48
Leptosol 11 0 9 0

Leptosol–vertisol 10 0 0 0
Land Cover (%)ˆ

Semideciduous/evergreen forest 23 23 40 36

Lowland swamp forest 0 0 0 5
Waterbody 2 0 0 0

Land Use (%)
Historic agricultural landsˆ 75 77 60 59
Actively cultivated lands+ 1.8 6.4 6.9 8.7

ˆ data on land cover and historic agricultural lands are from [43]; + data on actively cultivated lands reflect the area
under cultivation at the time of study (2007). See Figures 2 and 3 for additional detail.
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Figure 2. Time series of land use and land cover change (LULCC) classification results between 1976 
and 2007 showing minimal expansion of cultivated areas within the greater Temash River watershed 
or the four smaller study catchments (CRS = Crique Sarco Creek; YXL = Yax Cal Creek; SWD = Sunday 
Wood Creek; CON = Conejo Creek). 

 

Figure 2. Time series of land use and land cover change (LULCC) classification results between 1976
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or the four smaller study catchments (CRS = Crique Sarco Creek; YXL = Yax Cal Creek; SWD = Sunday
Wood Creek; CON = Conejo Creek).

Water 2019, 11, x FOR PEER REVIEW 7 of 23 

Water 2019, 11, x; doi: FOR PEER REVIEW www.mdpi.com/journal/water 

 
Figure 2. Time series of land use and land cover change (LULCC) classification results between 1976 
and 2007 showing minimal expansion of cultivated areas within the greater Temash River watershed 
or the four smaller study catchments (CRS = Crique Sarco Creek; YXL = Yax Cal Creek; SWD = Sunday 
Wood Creek; CON = Conejo Creek). 

 

Figure 3. Percent of total land area under cultivation within the four study catchments, during the time
period 1976 to 2007 (CRS = Crique Sarco Creek; YXL = Yax Cal Creek; SWD = Sunday Wood Creek;
CON = Conejo Creek).
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Whereas overall available historic agricultural land, as quantified by [43], dominated land cover
in the four study catchments, the total amount of actively cultivated fields during any given year
between 1976 and 2007 was low (Figures 2 and 3). The area under cultivation (as a % of the total area)
was close to 5% across all study catchments except CRS during 2007 (Table 1, Figure 3). Although an
increase in the area under active cultivation was observed between 2001 and 2007 (Figure 3), this total
area remains less than 10% of the total area in the study catchments.

3.2. Precipitation and Seasonal Stream Discharge

The rainy season began on June 4 and the dry season started on 19 December 2007 (Figure 4). The
2007–2008 dry season lasted until 20 May 2008. Total precipitation from the onset of the rainy season
in 2007 to the onset of the rainy season in 2008 at each of the three rain gauge stations was >3600 mm,
and >80% of the total annual rainfall fell during the rainy season.

Instantaneous discharge rates were averaged seasonally (e.g., dry vs. wet) at each sampling site
within each catchment (Figure 5). Mean dry season instantaneous discharge from each catchment (i.e.,
the farthest downstream sampling point) ranged from 0.015 ± 0.04 m3 s−1 (YXL05) to 0.31 ± 0.24 m3 s−1

(CRS05). Wet season instantaneous discharge was greatest from the CRS catchment (0.66 ± 0.83 m3 s−1).
Dry season and wet season discharge rates were significantly different across all sampling sites with
the exception of CRS05, YXL01, and YXL05 (Table 2). Absolute discharge rates generally increased from
upstream sites to downstream sites within each catchment (Table 2, Figure 5). Mean instantaneous
discharge rates were positively correlated with antecedent rainfall, although the strength of the
correlation with respect to length of the antecedent rainfall period (i.e., 1 day, 7 days, 14 days, and
28 days) differed among catchments (Table 3). Discharge rates were normalized by catchment area to
remove the effect of catchment size and presented as seasonal averages (Figure 5). Normalized seasonal
mean discharge rates at upstream sampling sites vary by more than three orders of magnitude during
the dry season with similar variability during the wet season (Figure 5). Seasonal mean normalized
discharge rates vary much less at the most downstream sampling sites (Figure 5).
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Figure 4. Precipitation record for three stations in the Temash River watershed from 2 February 2007 
through 24 June 2008. Shaded vertical bars mark the seasonal boundaries between dry and rainy 
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Figure 4. Precipitation record for three stations in the Temash River watershed from 2 February 2007
through 24 June 2008. Shaded vertical bars mark the seasonal boundaries between dry and rainy
seasons. Conejo village is located within CON. Lucky Strike village is located within SWD. Crique
Sarco village is located within CRS.
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Table 2. Comparison of dry and wet season discharge rates (m3 s−1) across all sampling sites.
(Mann–Whitney U statistic, p-value ≤ 0.05). * denotes significant difference (p-value ≤ 0.05).

Dry Season Discharge (m3 s−1) Wet Season Discharge (m3 s−1)

Sampling Site Median (N) 25% 75% Median (N) 25% 75% U
Statistic p-Value

CRS01 0.047 (9) 0.017 0.248 0.353 (11) 0.088 0.642 15.0 0.037*
CRS02 0.060 (9) 0.000 0.263 0.446 (10) 0.167 0.970 10.0 0.017*
CRS03 0.123 (9) 0.000 0.234 0.680 (10) 0.257 1.541 10.0 0.017*
CRS04 0.181 (10) 0.047 0.257 0.383 (10) 0.171 0.859 14.0 0.045*
CRS05 0.288 (9) 0.116 0.539 0.365 (9) 0.142 0.926 23.5 0.613
YXL01 0.095 (10) 0.036 0.199 0.210 (11) 0.155 0.291 15.0 0.079
YXL02 0.037 (10) 0.019 0.088 0.148 (11) 0.056 0.246 16.0 0.046*
YXL03 0.053 (10) 0.033 0.113 0.236 (11) 0.089 0.403 8.0 0.007*
YXL04 0.088 (8) 0.035 0.133 0.382 (11) 0.137 0.716 8.0 0.007*
YXL05 0.000 (9) 0.000 0.000 4.2 × 10−5 (8) 0.000 0.222 17.0 0.232
SWD01 0.000 (9) 0.000 0.000 0.031 (9) 0.000 0.080 13.5 0.029*
SWD02 0.000 (9) 0.000 0.000 0.135 (9) 0.010 0.264 6.0 0.013*
SWD03 0.019 (10) 0.011 0.083 0.250 (9) 0.100 0.299 7.0 0.006*
SWD04 0.031 (9) 0.006 0.043 0.293 (8) 0.169 0.316 2.0 0.002*
CON01 0.000 (9) 0.000 0.006 0.059 (10) 0.017 0.155 9.5 0.005*
CON02 0.009 (9) 0.000 0.025 0.124 (9) 0.057 0.280 7.0 0.006*
CON03 0.000 (9) 0.000 0.000 0.260 (9) 0.129 0.406 5.0 0.002*
CON04 0.000 (9) 0.000 0.000 0.380 (9) 0.076 0.844 4.0 0.001*

Table 3. Spearman’s rank order correlation coefficients for instantaneous discharge and antecedent
rainfall †.

Antecedent Rainfall

Catchment 1-day 7-day 14-day 28-day

CRS * 0.73 0.75 0.77 0.74
YXL * 0.58 0.65 0.73 0.70
SWD ˆ 0.55 0.66 0.65 0.62
CON ˆ 0.52 0.82 0.76 0.72

† all correlations are significant at p-value ≤ 0.01; * CRS and YXL correlated with the CRS rain gauge station; ˆ SWD
and CON correlated with the CON rain gauge station.

3.3. Seasonal and Longitudinal Variation of In-Stream Nutrient Concentrations

Mean nutrient concentrations for the sampling sites in each study catchment are shown in Table 4
(N species) and Table 5 (P species). In the upper reaches of CRS (CRS01), TN concentrations were
higher during the dry season than in the wet season (U = 0.0, p-value = 0.024). Seasonal differences in
DIN, TSN, SRP, TSP, and TP were not statistically significant (p-value > 0.05) (Tables 4 and 5). In the
lower reaches of CRS (CRS05), TSN concentrations were significantly higher during the dry season
than during the wet season (U = 18.5, p = 0.020). During the dry season, nutrient concentrations
at upstream and downstream sites in CRS were not statistically different. During the rainy season,
SRP and TSP concentrations at CRS05 were greater than at CRS01 (t = −2.824, p = 0.010 (SRP);
U = 16.5, p = 0.005(TSP)). No other differences between upstream and downstream wet season nutrient
concentrations in CRS were observed.

In YXL, no seasonal differences in N-species were observed at the upstream sampling site (YXL01).
However, dry season concentrations of SRP (t = 4.969, p <0.001), TSP (t = 3.669, p = 0.001) and
TP (t = 4.687, p < 0.001) were all significantly higher than wet season concentrations at YXL01.
These seasonal differences were not observed at the downstream site, with only dry season TSN
concentrations being significantly higher than wet season TSN concentrations at YXL05 (U = 28,
p = 0.038). During the dry season, DIN and TSN concentrations were greater at YXL05 than at YXL01
(U = 37, p = 0.046; U = 29, p = 0.014, respectively), whereas the opposite occurred with P. Dry season
concentrations at YXL01 of SRP (U = 12, p < 0.001), TSP (U = 12, p < 0.001) and TP (U = 7, p = 0.026)
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were all significantly greater than at YXL05. No differences in nutrient concentrations were observed
between the upstream and downstream sites during the rainy season.

Nutrient concentrations in SWD varied little between the seasons. At SWD01, dry season TN was
significantly greater than wet season TN (U = 1.0, p = 0.048). No other seasonal differences in nutrient
concentrations were observed at the upstream or downstream sites. In addition, no longitudinal
differences in nutrient concentrations were observed during the wet or dry season (Tables 4 and 5).
In CON, dry season TN concentrations were significantly greater than wet season TN concentrations
at the downstream CON04 site (U = 0.0, p = 0.017). Significant differences between upstream and
downstream nutrient concentrations were only observed during the wet season, with TP being
significantly greater at the downstream site (t = −3.50, p = 0.025). No other longitudinal differences in
nutrient concentrations were observed in CON (Tables 4 and 5).

The contribution of DIN to the TSN pool was highly variable across seasons and across study
catchments. In CRS, DIN comprised 58% of both the dry season and rainy season TSN pool at both
upstream and downstream sites. TSN comprised 60% of the TN pool on average during the dry season
and contributed 86% during the wet season. In YXL the average contribution of DIN to the TSN
pool was between 64% and 88%. The TN pool in YXL averaged more than 60% TSN during the dry
season and during the rainy season included 91% TSN. In SWD, DIN comprised 49% of the TSN pool
during the dry season and more than 75% during the rainy season, with a similar pattern of DIN:TSN
observed in CON. During the rainy season in both SWD and CON, DIN contributed more than 70% to
the TSN pool on average. TSN comprised approximately 90% of the TN pool during the rainy season
in SWD and averaged between 73% and 100% in CON.

In CRS, SRP comprised between 17% and 46% of TSP, on average, during the dry season. During
the wet season, SRP averaged between 30% and 44% of TSP in CRS. TSP contributed a larger portion to
the TP pool in CRS, with TSP:TP averaging between 50% and 90%. During the dry season in YXL, SRP
contributed more than 85% to the TSP pool at the upstream site (YXL01). Lower ratios of SRP:TSP were
observed downstream. Dry season average contributions of TSP to the TP pool were similar to SRP:TSP,
whereas rainy season TSP comprised more than 90% of the TP pool. In SWD, SRP averaged between
30% and 53% of the TSP pool, regardless of season. The TSP contribution to the TP pool averaged
between 38% and 63% during the dry season and between 75% and 97% during the rainy season.
Dry season and wet season SRP:TSP ratios were similar among sites in CON, averaging between 32%
and 55%. During the dry season, TSP contributions to the TP pool averaged between 30% and 53%,
whereas the contribution averaged between 58% and 76% during the rainy season.
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Table 4. Mean seasonal nutrient concentrations for dissolved inorganic nitrogen (DIN), total soluble nitrogen (TSN), and total nitrogen (TN) for all sampling sites
within each study catchment. Values are mean ± 1 standard deviation (sample size in parentheses).

DIN (mg/L) TSN (mg/L) TN (mg/L)

Dry Wet Dry wet Dry Wet

Crique Sarco
CRS01 0.276 ± 0.442 (10) 0.142 ± 0.269 (13) 0.391 ± 0.401 (10) 0.207 ± 0.267 (13) 0.586 ± 0.298 (6) 0.097 ± 0.063 (3)
CRS02 0.291 ± 0.443 (11) 0.159 ± 0.342 (11) 0.351 ± 0.416 (11) 0.219 ± 0.330 (11) 0.496 ± 0.377 (6) 0.106 ± 0.065 (2)
CRS03 0.292 ± 0.452 (11) 0.178 ± 0.360 (11) 0.355 ± 0.421 (11) 0.218 ± 0.350 (11) 0.513 ± 0.364 (6) 0.108 ± 0.079 (3)
CRS04 0.270 ± 0.407 (12) 0.169 ± 0.355 (11) 0.406 ± 0.386 (11) 0.204 ± 0.346 (11) 0.517 ± 0.323 (7) 0.093 ± 0.051 (3)
CRS05 0.329 ± 0.434 (11) 0.218 ± 0.457 (9) 0.507 ± 0.374 (11) 0.275 ± 0.437 (9) 0.602 ± 0.275 (6) 0.124 ± 0.038 (2)

Yax Cal
YXL01 0.154 ± 0.259 (12) 0.214 ± 0.511 (12) 0.179 ± 0.252 (12) 0.225 ± 0.508 (12) 0.378 ± 0.401 (7) 0.058 ± 0.026 (3)
YXL02 0.227 ± 0.374 (12) 0.204 ± 0.309 (12) 0.255 ± 0.360 (12) 0.227 ± 0.305 (12) 0.405 ± 0.408 (7) 0.040 ± 0.027 (3)
YXL03 0.216 ± 0.428 (12) 0.205 ± 0.293 (12) 0.314 ± 0.408 (12) 0.220 ± 0.296 (12) 0.446 ± 0.371 (7) 0.047 ± 0.040 (3)
YXL04 0.278 ± 0.483 (12) 0.191 ± 0.291 (12) 0.334 ± 0.459 (12) 0.222 ± 0.288 (12) 0.432 ± 0.401 (7) 0.047 ± 0.023 (3)
YXL05 0.272 ± 0.399 (12) 0.170 ± 0.315 (10) 0.357 ± 0.366 (12) 0.201 ± 0.306 (10) 0.491 ± 0.342 (7) 0.082 ± 0.055 (3)

Sunday Wood
SWD01 0.120 ± 0.204 (11) 0.161 ± 0.401 (10) 0.143 ± 0.187 (11) 0.183 ± 0.394 (10) 0.424 ± 0.405 (6) 0.027 ± 0.009 (3)
SWD02 0.118 ± 0.190 (10) 0.163 ± 0.369 (11) 0.240 ± 0.230 (10) 0.177 ± 0.364 (11) 0.431 ± 0.395 (6) 0.064 ± 0.052 (3)
SWD03 0.121 ± 0.198 (11) 0.219 ± 0.480 (11) 0.308 ± 0.163 (10) 0.246 ± 0.472 (11) 0.522 ± 0.300 (7) 0.057 ± 0.037 (3)
SWD04 0.143 ± 0.219 (11) 0.286 ± 0.630 (9) 0.213 ± 0.192 (11) 0.306 ± 0.623 (9) 0.494 ± 0.341 (6) 0.063 ± 0.039 (2)

Conejo
CON01 0.178 ± 0.302 (11) 0.381 ± 0.723 (11) 0.353 ± 0.477 (11) 0.402 ± 0.714 (11) 0.556 ± 0.369 (6) 0.071 ± 0.033 (3)
CON02 0.123 ± 0.191 (11) 0.932 ± 0.764 (10) 0.216 ± 0.207 (10) 0.432 ± 0.760 (10) 0.435 ± 0.348 (5) 0.087 ± 0.050 (3)
CON03 0.117 ± 0.171 (11) 0.313 ± 0.465 (10) 0.226 ± 0.181 (11) 0.348 ± 0.482 (10) 0.556 ± 0.328 (6) 0.080 ± 0.020 (3)
CON04 0.128 ± 0.176 (11) 0.303 ± 0.450 (10) 0.280 ± 0.167 (11) 0.338 ± 0453 (10) 0.636 ± 0.258 (6) 0.086 ± 0.028 (3)
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Table 5. Mean seasonal nutrient concentrations for soluble reactive phosphorus (SRP), total soluble phosphorus (TSP), and total phosphorus (TP) for all sampling sites
within each study catchment. Values are mean ± 1 standard deviation (sample size in parentheses).

SRP (mg/L) TSP (mg/L) TP (mg/L)

Dry Wet Dry Wet Dry Wet

Crique Sarco
CRS01 0.001 ± 0.002 (9) 0.001 ± 0.001 (13) 0.004 ± 0.005 (10) 0.003 ± 0.003 (13) 0.009 ± 0.004 (6) 0.006 ± 0.003 (3)
CRS02 0.002 ± 0.002 (10) 0.002 ± 0.003 (11) 0.004 ± 0.003 (11) 0.005 ± 0.003 (11) 0.009 ± 0.003 (6) 0.010 ± 0.003 (2)
CRS03 0.001 ± 0.001 (10) 0.001 ± 0.001 (11) 0.003 ± 0.002 (11) 0.005 ± 0.005 (11) 0.007 ± 0.003 (3) 0.007 ± 0.003 (3)
CRS04 0.004 ± 0.004 (10) 0.005 ± 0.008 (11) 0.006 ± 0.004 (11) 0.009 ± 0.007 (11) 0.009 ± 0.004 (7) 0.015 ± 0.012 (3)
CRS05 0.005 ± 0.006 (10) 0.002 ± 0.001 (9) 0.010 ± 0.010 (11) 0.006 ± 0.003 (9) 0.023 ± 0.017 (6) 0.008 ± 0.001 (2)

Yax Cal
YXL01 0.019 ± 0.008 (12) 0.006 ± 0.006 (12) 0.022 ± 0.008 (12) 0.010 ± 0.007 (12) 0.029 ± 0.010 (7) 0.011 ± 0.010 (3)
YXL02 0.004 ± 0.002 (11) 0.004 ± 0.005 (12) 0.006 ± 0.003 (12) 0.006 ± 0.004 (12) 0.011 ± 0.004 (7) 0.010 ± 0.008 (3)
YXL03 0.002 ± 0.002 (11) 0.001 ± 0.001 (12) 0.006 ± 0.005 (12) 0.004 ± 0.002 (12) 0.011 ± 0.005 (7) 0.004 ± 0.002 (3)
YXL04 0.001 ± 0.001 (11) 0.001 ± 0.001 (12) 0.004 ± 0.003 (12) 0.004 ± 0.001 (12) 0.008 ± 0.003 (7) 0.005 ± 0.002 (3)
YXL05 0.005 ± 0.014 (11) 0.005 ± 0.014 (10) 0.007 ± 0.013 (12) 0.011 ± 0.015 (10) 0.011 ± 0.017 (7) 0.018 ± 0.023 (3)

Sunday Wood
SWD01 0.002 ± 0.003 (10) 0.002 ± 0.002 (10) 0.004 ± 0.005 (10) 0.005 ± 0.003 (10) 0.009 ± 0.006 (6) 0.007 ± 0.003 (3)
SWD02 0.011 ± 0.022 (9) 0.002 ± 0.001 (10) 0.012 ± 0.025 (10) 0.003 ± 0.002 (11) 0.009 ± 0.012 (6) 0.006 ± 0.002 (3)
SWD03 0.007 ± 0.008 (9) 0.002 ± 0.002 (11) 0.014 ± 0.018 (10) 0.007 ± 0.004 (11) 0.020 ± 0.020 (7) 0.008 ± 0.003 (3)
SWD04 0.001 ± 0.001 (10) 0.002 ± 0.002 (9) 0.005 ± 0.002 (11) 0.005 ± 0.003 (9) 0.010 ± 0.005 (6) 0.009 ± 0.005 (2)

Conejo
CON01 0.010 ± 0.019 (10) 0.004 ± 0.009 (11) 0.012 ± 0.020 (11) 0.005 ± 0.008 (11) 0.017 ± 0.021 (6) 0.005 ± 0.001 (3)
CON02 0.001 ± 0.002 (9) 0.002 ± 0.001 (10) 0.004 ± 0.003 (10) 0.014 ± 0.033 (10) 0.006 ± 0.001 (5) 0.039 ± 0.059 (3)
CON03 0.010 ± 0.020 (10) 0.003 ± 0.002 (10) 0.013 ± 0.018 (11) 0.006 (0.003) (10) 0.028 ± 0.010 (6) 0.007 ± 0.002 (3)
CON04 0.002 ± 0.003 (10) 0.002 ± 0.002 (10) 0.005 ± 0.004 (11) 0.004 ± 0.001 (10) 0.017 ± 0.009 (6) 0.007 ± 0.001 (3)
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3.4. Nutrient Fluxes and Annual Export

Nutrient fluxes (kg day−1) varied over time and across catchments within the Temash River
watershed (Figures 6 and 7). In all catchments, daily loads were low at the end of the 2007 dry season.
An increase (or pulse) in daily N flux was observed at the onset of the 2007 rainy season, although
its timing and duration varied across catchments. In CRS, the first increase in N flux, from < 1 kg
day−1 to almost 10 kg day−1, was observed between the June and July sampling period (Figure 6).
A second, much larger pulse of N flux occurred in CRS later in the rainy season, at the end of August.
Subsequent N fluxes remained low throughout the rainy season in CRS (Figure 6). In YXL, a pulse
of N was observed during June and persisted through the July sampling period. In SWD, N fluxes
were low throughout the 2007 sampling period (Figure 6). In CON, the initial pulse of N was observed
in June 2007, declined in July 2007, and then remained low throughout the year. The final sampling
event (June 2008) occurred within 3 days of the onset of the 2008 rainy season and all study catchments
showed a large change in nutrient flux at that time.
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Daily phosphorus loads were low across all study catchments, rarely exceeding 0.5 kg day−1

(Figure 7). A small increase was observed following the onset of the rainy season (late June 2007) in
CRS, YXL, and CON. A large pulse of TP, TSP, and SRP was observed in CRS in late August, with a
TP flux of ~2.0 kg day−1. Sampling in CRS after the onset of the dry season (January 2008) revealed
additional fluxes of P. P fluxes remained low through the dry season, with the onset of the rainy season
in June 2008 showing a small increase in P flux that occurred at the end of the sampling (Figure 7).
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Figure 7. Daily phosphorus fluxes from the study catchments.

Annual nitrogen export coefficients from the study catchments displayed ranges of 0.12 to 2.04 kg
DIN ha−1 year−1 and 0.18 to 2.25 kg TSN ha−1 year−1. These values are similar to or slightly lower
than N exports reported from other tropical catchments (Table 6). Dissolved inorganic N accounted
for 46−82% of the total dissolved N export from these catchments. Export of TSP from the study
catchments was an order of magnitude lower than those reported elsewhere across the tropics (Table 6),
except Luquillo Forest, Puerto Rico [44]. Although not directly measured, export of dissolved organic
N (DON) and dissolved organic P (DOP) can be estimated from the data in Table 6. DON constitutes
18–53% of the overall dissolved N export from these catchments. DOP represents 30–67% of the total
dissolved P export.
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Table 6. Comparison of annual nutrient export values (kg ha−1 year−1) from the study catchments
with values from other tropical catchments.

Yield

Stream/River Size (ha) Land Cover DIN TSN TN SRP TSP TP Location/Reference

kg ha−1 year−1

Crique Sarco
Creek 1084 2% agriculture 1.04 2.25 0.03 0.09 southern Belize/this study

Yax Cal Creek 469 6% agriculture 0.28 0.53 0.03 0.04 southern Belize/this study

Sundaywood
Creek 3204 7% agr 0.12 0.18 0.00 0.01 southern Belize/this study

Conejo Creek 1384 9% agr 2.04 2.48 0.02 0.03 southern Belize/this study

Braco do Mota 23.4 80% agr 3.64 6.44 9.14 0.08 0.33 0.48 central Amazon (A)

Igarape de Mota 18 >95% forest 2.67 3.61 4.31 0.02 0.05 0.08 central Amazon (A)

Tempisquito 319 >95% forest 6.10 0.57 Costa Rica (B)

Tempisquito
Sur 311 >95% forest 4.90 0.33 Costa Rica (B)

Kathia 264 >95% forest 5.60 0.34 Costa Rica (B)

Marilin 36 >95% forest 4 0.46 Costa Rica (B)

El Jobo 55 >95% forest 4.3 0.34 Costa Rica (B)

Zompopa 37 >95% forest 6 0.43 Costa Rica (B)

Icacos 326 >95% forest 3.2 8.01 9.8 0.07 Puerto Rico (C)

Sonadora 262 >95% forest 1.69 5.43 5.9 0.05 Puerto Rico (C)

Toronja 16.2 >95% forest 1.16 3.96 4.4 0.03 Puerto Rico (C)

Rio das Mortes Cerrado 3.9 0.54 Brazil (D)

multiple basins various 0.17 0.04 SE Brazil (D)

multiple basins 104–106 forested 2 1.2 Queensland, Australia (E)

Guayas 3.2 × 106 29% forest; 52%
Agriculture 10.1 2.4 Ecuador (F)

(A) [45]; (B) [46]; (C) [44]; (D) [47]; (E) [48]; (F) [49].

4. Discussion

4.1. Seasonal Hydrologic Changes and Nutrient Pulses

Stream discharge data presented here are the first reported from the Temash River watershed.
Discharge estimates remained low across all study sites during the dry season and increased by an
order of magnitude or more at the onset of the rainy season (Table 2). Seasonality of rainfall and
associated fluctuations in discharge exerts a strong control on the ecosystem structure and function
of tropical streams and rivers. The flood pulse concept [50] highlights the importance of seasonal
hydrologic variability and associated changes in the connectivity between terrestrial and aquatic
ecosystems in the tropics in regulating nutrient fluxes and aquatic food webs [51].

In-stream nutrient concentrations in our study catchments also reflect this nutrient pulsing with
large increases (2–10-fold) in nutrient fluxes relative to base flow conditions occurring at the onset
of the rainy season (Figures 5 and 6). Although the source of this nutrient pulse is beyond the scope
of this study, we hypothesize two interacting mechanisms. Multiple studies have documented high
nitrification rates and weak NO3

− retention within forested tropical catchments (e.g., [14]). In our
study catchments, burning of above ground biomass that is central to swidden agricultural practices
likely further exacerbates this weak N retention. Local customary practice of swidden agriculture is
to clear the forest and allow vegetation to dry (ca. February–April), then burn the biomass (ca. May)
before planting prior to the onset of the rainy season (June). Burning the vegetation releases nutrients
into the atmosphere and the soil. The capacity of the soil to retain nutrients is reduced because of the
felling of trees and death of root systems, but remaining organic matter decomposes and remineralized



Water 2019, 11, 664 18 of 24

nutrients enter the soil [52]. Leached nutrients accumulate, and at the onset of the rainy season,
nutrients can be released into adjacent waterbodies via subsurface and overland flow [10].

The initial pulse of N in streams, dominated by dissolved N, was observed at the onset of the
rainy season in three of the four study catchments. This pattern was not observed in samples collected
from SWD. Sunday Wood Creek is the largest of the four study catchments and it is possible that its
catchment size, longer river network, and lower discharge relative to the other study catchments may
enable greater retention of nutrients [53]. SWD also has the highest percentage of forested land cover
(Table 1), it also had a well intact riparian corridor (Buck, personal observation) that may be facilitating
retention of N across the terrestrial–aquatic flow path [53,54].

A pulse in P in the streams was also observed although it was less pronounced at the onset of the
rainy season across all catchments except CRS where instantaneous P loads were 2–4 times larger than
in the other study catchments (Figure 7). The source of elevated P in CRS is unknown. Soils in the
Temash River watershed are generally clayey with high iron (Fe) and aluminum (Al) content [55] and
adsorption/desorption of phosphorus to Fe- and Al- oxides in the soils may influence P availability
across the study sites. Weathering rates were not determined as part of this study, but it is possible that
more rapid weathering is occurring in CRS relative to the other study streams. In the upper reaches
of YXL, dry season P concentrations were elevated relative to wet season P concentrations. Other
mechanisms that may account for elevated P include a connection to groundwater enriched in P [56],
or point-source pollution associated with human activities in the catchment.

4.2. Swidden, Land Cover Change, and Nutrient Dynamics

Most Q’eqchi Maya households in our study area produce a livelihood through customary land
use practices, rooted in swidden agricultural production of corn, beans, and squash (principally
for home consumption), as well as rice and cacao (cash crops). Previous scholars have studied
these customary agricultural practices [33,57,58]. Recent research has examined local indigenous
environmental knowledge [59], the socioecological resilience of shifting cultivation [60], plant–soil
interactions in the milpa [61], and the consequences of road network improvements for forest clearing
and use [35,62].

Swidden land use practices are dynamic, resulting in varied patterns of land cover change [63].
Across Central and South America, the predominant drivers of forest losses are road expansion
and conversion for industrial-scale agriculture and pasture [64]. To date, these processes have not
redefined the landscape within our study area. In southern Belize outside of our study area - where
Maya customary practices no longer define land use - forest cover has declined, dramatically in some
places [35]. By contrast, LULCC between 1976 and 2007 within the four study catchments had minimal
impact on forest cover (Figure 2). Short-lived ventures into commercial farming have followed several
waves of commodity production in our study area—e.g., banana, chicle, pig, and rice—earlier in the
20th century [57,58] and more recently, the expansion of cacao agroforestry [65]. Yet the predominant
land use today remains customary swidden for household consumption.

Although farmers rely on a large area of available land for agriculture, the rate of clearing during
any given year remains low (Figure 3). The average size of an individual swidden field in southern
Belize is between 2 and 3 ha [36,66]. Farmers actively rotate cultivated fields within a patchy landscape
of abandoned and fallowed fields of varying ages. The fallow period varies for a variety of reasons
including weed control, availability of nontimber forest products and socioeconomic pressures related
to food production [67].

The success of swidden agriculture as a livelihood strategy is dependent on nutrient availability
in cultivated soils [68]. The size of the carbon stock (i.e., grams of C m−2) in soils following repeated
cycles of clearing and burning can remain relatively stable [69], and a return to pre-swidden N
concentrations in soils can take 15 years or more [55]. Burning aboveground biomass releases a pulse
of plant-available nutrients [70], but these nutrients can easily be volatized and lost during the burn
or leached away following a rain event [71,72]. The loss of nutrients, particularly N, can be reduced
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during the early successional stages in abandoned fields, as aboveground biomass helps to immobilize
and eventually accumulate nutrients [73]. However, the fate of these nutrients as they move across the
terrestrial–aquatic boundary is less well understood.

In our study, the low percentage of actively cultivated land across all four catchments
(Figure 3) precludes a robust assessment of the impact of swidden agriculture on in-stream nutrient
concentrations. Across the tropics swidden and other types of smallholder agricultural practices
have been shown to have different (and sometimes undetectable) impacts on stream nutrients. In a
small catchment (0.25 km2), 80% deforested by slash-and-burn, high concentrations of TN and TP
were observed in overland flow [52], yet no significant increases in NO3

−, NH4
+, or PO4

3− were
observed in streams within these deforested catchments when compared with streams in a forested
catchment [45]. In contrast, Malmer and Grip [74] observed a 10-fold increase in N concentrations
that persisted during both wet and dry seasons in streams where forest had been cleared and burned
for subsequent planting and elevated N concentrations persisted for several years afterwards. The
duration of our study was too short to enable year-over-year inferences or an assessment of long-term
changes in nutrient dynamics in the study streams, but such studies should be considered in the future.
Future studies would also benefit from expanding the spatial scale of the study to include similar size
catchments in neighboring Guatemala, where LULCC is occurring at a much faster pace and larger
scale [30].

Although agricultural lands are generally considered to exert a strong influence on nutrient
concentrations in streams, relative to forest-dominated sites [75], detection of a response to land
cover change sometimes cannot be observed until a threshold deforestation level in the watershed
(66–75%) is reached [9]. Transformations of forest cover to large-scale agricultural practices is thought
to have a long-lasting impact on stream nutrients, for example transitions from forest to pasture [17] or
plantation-style crops [76]. Perhaps of greater concern for freshwater ecosystems is urban expansion
and the potential for eutrophication and cyanobacterial blooms in aquatic ecosystems downstream of
such urban areas and wastewater treatment facilities [47].

4.3. Nutrient Exports

Our approach for estimating nutrient export likely underestimates the true export values. Our
study streams are ungauged, and thus extrapolation of concentrations by linear interpolation or
regression against discharge values [77] is not feasible. Other studies have documented high nutrient
export during initial flood events [44,78] and our data captured at least one of these flushing events.
The remoteness of the study area and the sampling strategy used, however, did not permit sampling
during each flood pulse. Thus, our estimates are conservative.

Even given the sampling constraints, calculated annual exports from our study catchments were
comparable to or slightly lower than those reported in other studies. Variation in the proportional
contribution of DIN (to TSN) in our study catchments may reflect differences in N-limitation among
the four study catchments, with N-rich catchments exporting greater amounts of DIN than N-limited
catchments [47]. Although not directly measured, estimated DON and DOP exports from our study
catchments are comparable to those reported from other studies of undisturbed catchments in the
tropics [44,47]. DON and DOP export from urban streams in the tropics can, however, be several
orders of magnitude higher [47].

5. Conclusions

We observed strong seasonal controls on in-stream N and P concentrations and associated export
of these nutrients from each of our four study streams. Dry season concentrations of all N and P
species were low, increased significantly at the onset of the rainy season, and returned to comparable
base flow concentrations after rains and associated discharge declined. The pulsing nature of nutrient
export from these small catchments reflects a strong terrestrial–aquatic linkage, with nutrients likely
entering the streams via subsurface and surface flow, following large rainfall events. Our results do not



Water 2019, 11, 664 20 of 24

clearly identify any response of stream nutrient concentrations to the presence of swidden agriculture
in the catchments, but do provide a general characterization of N and P dynamics within catchments
dominated by swidden agriculture. Further work on this topic in the Maya forest would benefit
from a larger gradient of LULCC. Our results highlight the need for more research in understudied
regions such as the Maya forest where strongly seasonal climate plays an important role in the nutrient
biogeochemistry and overall food web structure [79].

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/11/4/664/s1,
Table S1: In-stream nutrient concentrations for the four study catchments.
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