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Introduction:

Gravel-bed river floodplains are fundamental environmental contributors within glaciated mountain landscapes as they
have disproportionately concentrated biogeochemical, hydrologic, and ecological processes within their converging terrestrial
and aquatic systems.12 They perform critical groundwater recharge, promote riparian habitat, sustain heightened
geodiversity, and support hydrologic, sediment, nutrient, and organic matter (OM) exchanges integral to ecosystem
productivity and biodiversity.3 In terms of anthropogenic benefits, floodplains deposit fertile soils rich in minerals and OM to
surrounding farms, while dampening peak flows, reducing flood risks, and decreasing flood depths downstream by slowing
runoff and storing excess water.*-6 Floodplain systems are also especially adept to combat ongoing impacts of climate change.”
By increasing hydraulic gradients and biogeochemical cycles, floodplains not only eclipse climate impacts like aridification
and hydrologic extremes, they t also cool stream temperatures, store and remobilize heavy metals, and serve as crucial carbon
sinks.8?

As one of Colorado’s most sensitive living resources, floodplain ecosystems, their functions, and downstream
capabilities are reliant on the hydrologic engineering of the North American beaver (Castor canadensis).10 Beavers promote
hydraulic connectivity between floodplains and interdependent rivers and streams, generating key alluvial zones. The water
spreading capabilities of beaver-built infrastructure make beavers central agents of climate change resilience.!! Historically,
beaver-assisted natural accumulation of OM cultivated varied aerobic respiration and redox conditions in riverine waters.
These beaver-impacted, heterogeneous surface waters were once universally prevalent in North American streams.2 With
the introduction of the European fur trade in the 16th century, over-trapping, widespread wood removal from streams, and
extensive land use alterations led to the virtual eradication of the Colorado (and much of North America’s) beaver
populations.1314 As a result of the near extinction, the natural geomorphic, biogeochemical, hydrological, and ecological
homeostasis of floodplain ecosystems were substantially compromised.

Beaver dam analogs (BDAs) are man-made structures often used in low-tech process-based restoration (LTPBR) to
leverage crucial environmental processes and benefits of natural beaver dams.!> Re-instigating these natural processes
enlivens endangered floodplains, returns channel stability, and increases historically-depleted hydraulic connectivity.16 BDAs
are able to emulate natural beaver dam’s maintenance of heightened flows later into the summer months, enhance surface and
groundwater storage, level peak flows during flooding events, and amplify biogeochemical cycling of nutrients- a vital tool in
mitigating stream-floodplain degradation.1117 Both restorative LTPBR techniques and natural beaver dams are fundamental
for conservation efforts in glaciated mountain ecosystems. However, these systems require an in-depth analysis of their
biogeochemical significance.2 Specifically, diurnal cycles and their fluctuations may drive a number of the capabilities of these
systems.

Floodplains exhibit highly varied surface water flows which increases the diversity in the surface water temperatures.
Those distinct environments cultivate niche and highly heterogeneous microbial communities. This enrichment expands the
riverine waters’ redox potential. The reducing or oxidizing capacity of a system determines a river or floodplain’s ability to
break down waste products or contaminants and to recycle available carbon and nutrients into soluble, mobile forms. Redox
conditions and surrounding parameters are typically measured at the sediment-water interface.!® Quantifying redox
conditions can be used to assess the redox role of floodplains which dictates the efficiency at which they cycle nutrients or
store excess carbon dioxide.1® Beaver ponds are especially rich in dissolved organic carbon (DOC), which is an important
electron source for redox reactions.2? Microbes catalyze those redox reactions.z:1922 Alkalinity quantifies water’s capacity to
neutralize acids. Changes in those measurements can be used as a signifier to infer the presence of microbial processes like
respiration, nitrification, or reduction and the intensity of their impact on water chemistry. Alkalinity measurements are
therefore indicative of the aggregate amount of microbial activity.
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Dissolved oxygen (DO) can be used as a master variable in understanding redox dynamics of a system. It is insightful as
to the types of microbial activity happening in a system. Increased water temperatures, elevated nutrient levels, or heightened
plant oxygen demand reduces the solubility of oxygen in water, resulting in lower DO. Inversely, cooler water temperature,
lessened nutrients, or decreased biotic activity increases the solubility of oxygen,.2* These indicators place DO as the master
variable in controlling microbe operations, determining solubility and mobility of heavy metals, and mediating the redox
dynamics of riverine waters. Elements and nutrients occurring in natural waters- like iron (Fe), manganese (Mn), carbon (C),
oxygen, (0), and nitrogen (N)- have greater sorption capacity in plants when they are soluble and easily transported. This
cycling is aided by the North American beaver’s hydrologic engineering. In the case of iron, the less frequently bioavailable
ferrous iron, Fe(Il), is more soluble, and therefore more easily absorbed into the system, than the more stable ferric iron,
Fe(111).25 Fe(II) is rarely found in aqueous form in a riverine system and is most abundant in solid form as ferrihydrite
(m@;m@5).26 Fe(1I), conversely, is always present and free in a riverine solution.?7.28 If the nutrients are insoluble or a system is
too dry, nutrients present are unable to be transported into or remediated by the system. Beaver-assisted environments
ensure that those soluble nutrients are readily present, including Fe(II).2° Given that iron is highly redox-sensitive, speciation
is therefore highly indicative of the redox conditions within a system.

Beaver dam systems are critical in the face of changing climate. They mitigate hydrologic extremes like severe
precipitation events, counteract warming riverine temperatures while maintaining water quality, and dictate indispensable
biogeochemical cycles which keep essential elements available to plants and other organisms. 72 However, growing climate
extremes deplete summer baseflow and lessen floodplain capacities to store carbon, nutrients, and heavy metals in the
floodplain. This lessened capacity is illustrated by decreased DO levels, signifying more insoluble nutrients that cannot be
transported amongst the system. The role of floodplains is therefore reconditioned from serving as carbon sinks and architects
of biogeochemical cycling to becoming carbon sources, emitters of ammonia gas, and generators of an overabundance of
insoluble nutrients which contributes to eutrophication.3? These impacts will be worsened by aridification and depleted
baseflows.31

As such, the redox dynamics within a floodplain system’s surface waters- be it BDA, natural, or untreated- may serve as
the foundation of riverine biogeochemical performance. Yet, much of this keystone redox fluctuation in BDA, natural, and
untreated systems is predominantly documented during daylight hours, when DO is highest. The diurnal fluctuations in DO
measurements demonstrate daytime super saturation of DO levels, while nighttime measurements show a swing to near
anoxic conditions. Daytime measurements can only capture the redox conditions and species of those oxic states, meaning
substantial portion of aerobic respiration and redox dynamics are underrepresented by missing nighttime observations.2°
Previous studies have examined redox dynamics within river-floodplain systems, but few have explored the complete 24-hour
cycle of redox conditions across natural beaver dams, artificial beaver dams, and untreated floodplain waters.

This study investigated 1) how Fe(II) concentrations change with dissolved oxygen (DO) levels in beaver-
impacted floodplains, 2) how the DO-Fe(II) relationship changes across surface water source types (le. ponds, seeps,
and channels), 3) the diurnal relationship between Fe(II) concentrations and DO levels in beaver ponds, and 4) how
Fe(II) and DO dynamics change across floodplain types (Ie. Natural beaver dam, degraded, and Beaver Dam Analog
(BDA) floodplains).

The following hypotheses were tested to address our research questions:
H1) Fe(Il) and DO concentrations share a strong inverse relationship,
H2) seeps have heightened Fe(II) concentrations than ponds or channels,
H3) beaver ponds show a distinct inverse diurnal correlation between Fe(II) and DO measurements, and
H4) BDAs and Natural Beaver ponds will have higher Fe(II) concentrations, while degraded floodplains will
exhibit lower Fe(II concentrations.

1. Specific Methodologies

1.1 Site Description & Sample Collection
We categorized sites into return seep, channel, and pond, focusing on beaver dam analogs (BDAs), natural, and
untreated systems. Surface water samples at ponds and seeps were collected from the sediment-water interface. Surface water
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samples from river channels were collected from the thalweg of the channel.. Sampling occurred at three locations: Crested
Butte Land Trust (CBLT) Confluence Parcel (Crested Butte, CO; 38°52'41.64"N, 106°58'45.07"W), East River “Pumphouse”
(Mount Crested Butte, CO; 38°55'39.49"N, 106°57'30.19"W), and Trail Creek Floodplains (Almont, CO; 38°54'3.55"N,
106°37'8.08"W) in July 2024 [Fig. 1]. Data from these sites provided a representative spread of hydrological and redox
conditions across the study area. All discrete samples were extracted using 60 mL plastic syringes and filtered through single-
use hydrophilic 0.45-pm filters.
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Figure 1: Sampling locations: Crested Butte Land Trust (CBLT) Confluence Parcel (Crested Butte, CO; 38°52'41.64"N, 106°58'45.07"W), East
River “Pumphouse” (Mount Crested Butte, CO; 38°55'39.49"N, 106°57'30.19"W), and Trail Creek Floodplains (Almont, CO; 38°54'3.55"N,
106°37'8.08"W)

1.2 Sample Characterization & Electrochemistry



Measured parameters at each sampling location included dissolved oxygen, pH, specific conductivity, temperature,
Fe(II) concentrations, and alkalinity. Sampling at CBLT Confluence Parcel included 3 pond locations, 3 return seep locations,
and 2 in-stream locations. East River Pumphouse included 3 pond locations, 3 return seep locations, and 2 in-stream locations.
Trail Creek focused on 3 BDA ponds, 2 degraded floodplain locations, and 3 natural beaver dam ponds.

In situ measurements of pH and specific conductivity were performed immediately after sample extraction using a
Thermo Scientific Orion Star A pH/Conductivity Multiparameter Meter. Surface water samples were filtered, and Fe(II)
measurements were preserved in ferrozine reagent, kept on ice, and shaded from sunlight.

1.3 Total Alkalinity Titration
Total Alkalinity was measured using the CHEMetrics Alkalinity Titret test kit. Surface water samples were filtered,
mixed with activator solution, and titrated using pre-measured ampoules until a color change indicated the alkalinity level.

1.4 Dissolved Oxygen Monitoring

Dissolved oxygen was measured using a V-2000 Multi-Analyte Photometer for spot measurements and PME miniDOT
Loggers for continuous monitoring. Covering specific conditions at the desired times, the spot DO measurements provided
immediate data to gauge the system or further assessments needed while providing validation points for the continuous data.
The continuous DO data identified the diurnal variations and supplied measurements for trend analysis of long term patterns
or anomalies. The DO loggers and HOBO Pendant Temperature/Light loggers were utilized to include the influences of
temperature changes, photosynthesis, and respiration cycles on the DO diurnal fluctuations. Atmospheric mixing may also
impact DO concentrations. The V-2000 uses the Indigo Carmine method, with calibration prior to each measurement series.
The miniDOT Logger recorded DO and temperature every 10 minutes continuously while in the field.

1.5 Fe(II) Concentration Measurements

Fe(II) concentrations were measured testing two colorimetric methods: the ferrozine technique and the Iron ( Ferrous)
Vacu-Vials Instrumental CHEMetrics kit technique. The ferrozine and CHEMetrics procedures were measured using a
Microplate Reader and V-2000 Photometer, respectively, to measure a color change proportional to the concentration of our
analyte. Ferrozine is an organic sodium salt that, when combined with 1 molar hydrochloric acid and ammonium acetate, can
be used to detect and measure ferrous iron concentrations at a high sensitivity in aqueous samples. Ferrozine reacts with
ferrous iron to form a stable, but light sensitive, fuschia-colored complex. We preserved our surface water samples in teh field
with ferrozine solution, measured the absorbance at the complex’s absorption peak of 562 nanometers, and recorded Fe(II)
concentrations according to the calibration curve of standard solutions of known Fe(II) concentrations (10 uM, 5 OuM, 100 pM,
500 puM, and 1000 uM). Triplicate Fe(II) samples were preserved in the field under HCl and Ferrozine which chelated available
Fe(Il) into stable form until later analyzed in the lab on the plate reader.

Both colorimetric methods were employed for all spot sampling, including in-person and automated measurements.

1.6 24-Hour Sampling

Automated 24-hour samples were collected at the sediment-water interface by implementing an ISCO 6712
autosampler. Each collection time underwent a purge cycle to clear the intake tubing to avoid sample contamination. 1000 mL
samples were distributed by the ISCO into acid washed bottles, collected after a complete sampling cycle, shaded from sun
exposure to preserve redox conditions of Fe (II) concentrations until analyzed in the lab.

Time spent in the ISCO before ice preservation was also recorded for further statistical analysis of its contributions to
total variance in the data.

Two 24-hr sampling campaigns were conducted. During initial ISCO deployment, paired in-person verification of Fe(II)
concentrations occurred over a 24-hour period for the July 11-12th campaign. The following 24-hr campaign was fully
automated. Surface water samples were collected hourly and in-field electrochemistry measurements were recorded .
Subsequent ISCO sampling continued autonomously.

1.7 Statistical Analysis

Linear regression analysis was performed to determine the relationships and variations between DO and Fe(II)
concentrations across floodplain systems. The ferrozine and CHEMetrics techniques’ reliability was assessed using Bias
analyses. Box-and-whisker plots provided a cleaner representation of the data trends across sample types while presenting



multiple analytes and sample site details, including the interquartile range, outliers, and medians of DO, Fe(II) concentrations,
SpC, pH, and alkalinity across floodplain systems and sample types. Triplicate samples of each site reduced random error and
ensured representative results. Comparison across surface water samples using all measured parameters was achieved by a
KMeans clustering with three clusters, and a t-SNE nonlinear visualization on log-transformed data. Statistical significance and
redox relationship strength were assessed using Python for Pearson Correlation Coefficients, Mutual Information tests,
Kendall’s Tau Correlation Coefficients, and p-values on log-transformed data.

2. Results & Discussion

2.1 DO and Fe(II) Dynamics of Beaver-Impacted Floodplains

A combination of in situ automated and in person surface water sampling across two floodplain locations and three
sample source types indicated there is a relationship between DO levels and Fe(II) concentrations in floodplain systems.
Fe(II) data collected at the Confluence and Pumphouse locations demonstrated an inverse relationship between the
variability of Fe(II) as accounted for by the variability of DO measurements, but that degree of correlation varies between
floodplain locations. At Confluence, DO and Fe(II) share a statistically significant inverse relationship where 62.68% of the
variability in Fe(II) can be explained by the variation in DO measurements [Fig. 2].
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Figure 2: Confluence Regression of Dissolved Oxygen Concentrations (ppm) vs Average Ferrozine Concentrations (ppm). B? = 0.6268

However, at Pumphouse, while there is still an inverse relationship between DO and Fe(1I), DO variations only
account for 28. 95% of the variability in Fe(II) measurements [Fig. 3]. This weaker inverse relationship indicates that
other factors are likely influencing the Fe(II) fluxes at Pumphouse.



Pumphouse Log-Transformed Regression of Dissolved Oxygen vs Average Ferrozine
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Figure 3: Pumphouse Regression of Dissolved Oxygen Concentrations (ppm) vs Average Ferrozine Concentrations (ppm). 82 = 0.2895

Other possible determinants include residence times of water and iron, water-sediment interactions impacting
sorption or desorption processes as a result of differing bedrock chemistry, microbial activity and diversity, presence of
competing ions, available organic carbon, and diverse hydrodynamic conditions.32-3¢ Residence time of water, or the
amount of time water remains in a particular area, impacts aerobic respiration rates and the amount of dissolved organic
carbon present in that system.3> Stagnant water sources, like ponds, experience high residence times where anoxic
conditions persits and accumulate more dissolved organic carbon (DOC).3¢ This creates favorable conditions for
dissolution of iron oxides and releases Fe(II).37 Residence time of Fe(II), or the average time Fe(Il) remains in a dissolved,
suspended or adsorbed state in a given system, determines both the degree of presence of Fe(II) in the floodplain and the
ability to measure the soluble Fe(II).38

Residence times of substances are determined by physical, biological, and chemical processes- part of which can be
accounted for by the DO in the floodplain, but Pumphouse likely has additional dynamics at play. Holocene alluvial
deposits along the East River increase and vary soil permeability, resulting in faster or complex groundwater flow paths
which may reduce the residence time.3?40 [ron can also co-precipitate with or adsorb onto sediments, or compete with and
form insoluble compounds with other ions like phosphate.*! Each of those aspects impact the residence time of Fe(II) and
its mobility and soluble state measurability in floodplains. Additionally, interactions with other elements like sulfur can
result in the formation of chemical compounds like iron sulfides in anoxic conditions, removing iron from the water
column.*243 These impacts on the solubility and mobility of iron in floodplains results in differing degrees of the inverse
relationship between DO and Fe(II) at Pumphouse and Confluence.

2.2 Testing In-field Fe(II) Measurement Methodologies

In-field testing of methods for Fe(II) measurements yielded the CHEMetrics technique as being highly variable and
having an increased bias in Fe(II) measurements as compared to the Ferrozine technique. Data from histograms of Fe(II)
concentrations measured with Ferrozine versus CHEMetrics techniques provided differences in measurement ranges and
frequencies to apply to Bias Analyses. Depicting the highlighted differences exemplifies any systematic biases or average
differences between the two methods.
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Figure 4: Bias analysis between Ferrozine and Chemetrics Fe(Il) concentration measurements: Frequency vs Bias of Ferrozine Fe (II) measurements
minus Chemetrics Fe(Il) measurements.

CHEMetrics was on average biased to measure 3.215 mg/L less of Fe(Il) concentrations than the Ferrozine
technique. The standard deviation, however, was 7. 536, indicating there was a high variability in the bias and the two
methods varied widely. Bias was more likely to occur at higher concentrations, likely due to the 6.000 ppm limitation of
the CHEMetrics technique. The maximum observed bias demonstrated that in some cases chemetrics measured 36.036
mg/L less than the Ferrozine technique [Fig. 4]. Chemetrics maintained a systematic error in its measurements, with a
bias to measure lower Fe(II) measurements than were present in the system.

The bias measurements between Ferrozine and Chemetrics measurements can potentially be accounted for by
examining the sensitivity, specificity, and ability of each method to avoid false positives. The rapid test Chemetrics kits
utilize an adaptable iron determination analysis which uses 1,10-phenanthroline, a chelating agent, that targets Fe(II).
This chemical compound binds to Fe(II), creating a stable metal complex measured by the photometer. That complex is
dependent on reaction kinetics to provide enough of a duration for a complete binding of Fe(II) to 1,10-
phenanthroline.*445 If reaction time is not sufficient, the reaction will be incomplete and result in lower Fe(II) recordings,
particularly at low Fe(II) concentration ranges. For the Chemetrics, Fe(II) was initially only measured at a set 1 minute
after the sample pull. However, under or overshot Fe(II) concentrations, especially at low Fe(Il) ranges, prompted a re-
evaluation of that reaction time. Measurements were then taken 1 and 5 minutes after the sampling, and again in the lab at
the conclusion of the field day. These results yielded slightly closer values to what would be thermodynamically expected
in the systems. Reaction time impacts measurements less at higher concentrations, as increasing the concentration of the
reacting substances increases the likelihood that those particles will collide. Reaction rates are dependent on the
frequency of those collisions, so higher Fe(II) concentrations resulted in faster reaction times and more reliable
measurements. Overall, the Chemetrics technique is not as sensitive as the Ferrozine technique when looking at lower
concentrations of Fe(Il), or concentration values above 6.000 ppm. The Ferrozine technique is based on forming a highly
sensitive stable complex with Fe(II) that produces a strong colorimetric signal.¢ So, the Ferrozine reagent’s high
sensitivity provides measurable signals across a wider range of concentrations, allowing for accurate readings even at low
concentrations of Fe(II), or concentrations exceeding 6.000 ppm. The chemical reaction between Ferrozine and Fe(II)
results in a chemical complex in which Fe(Il) is coordinated to the Ferrozine reagent [Eq. 1].

AE** + B,8,8;8, > [BA(B,850,8,)]1%

Equation 1: The chemical reaction between Ferrozine and Fe(II).

There are no changes of species, leaving no loss of concentrations and making the Ferrozine complexation highly
specific to Fe(II). Since Ferrozine does not react with Fe(III) or other ions present in the system, it can only measure Fe(II)
concentrations and is incapable of producing false positives related to iron detection.*¢

The Fe(Il) and 1,10-phenanthroline reaction is also pH dependent. Too high a pH can result in incomplete formation
of the Fe(II)-phenanthroline complex, leading to lower Fe(I) measurements.** Ferrozine concentrations, however, are
preserved at a low pH, preventing the samples from precipitating out too quickly. pH can be impacted by temperature or
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UV.46 So, 1,10-phenanthroline’s stability is also highly dependent on the surrounding light and temperatures at the time of
the reactions.*> Most fieldwork was completed in open floodplains with exposure to direct sunlight and UV. Both the
photometer and the Chemetrics kits were partially exposed to these UV and temperature increases, despite mitigation
efforts. Higher light or temperature exposures could degrade the Fe(II)-phenanthroline complex, possibly accounting for
results of lower Fe(II) measurements. In-situ observations showed that the CHEMetrics Vacu-viles also did not fill at
consistent volumes. These differing sample volumes may have resulted in lower or higher samples compared to the
chelating agent, likely creating variable reaction times for each of our samples. These properties indicate that the
Chemetrics technique is not reliable for taking in situ measurements of Fe(II) concentrations due to its sensitivity,
susceptibility to interference, and higher incidences of false negatives or positives.

2.3 DO and Fe(II) Clustering and Correlations of Beaver-impacted Floodplains by Source Type

In order to assess the relationships of DO and Fe(II) between the source types, we performed a KMeans clustering
with three clusters, and a t-SNE nonlinear visualization to reduce dimensionality and clarify the distinct clusters [Fig. 5].
The data was log-transformed prior to all analyses to reduce impacts of outliers, stabilize any variance, and normalize the
data. Running secondary analyses for the distributions of average Ferrozine Fe(II) measurements, average Chemetrics
Fe(II) measurements, point DO, specific conductivity pH, and alkalinity by cluster demonstrated the Fe(Il) measurements
and DO as having the largest correlation by cluster assignment. A log-transformed ANOVA test of the KMeans clustering
by sample type showed Ferrozine and Chemetrics as having statistically significant differences between sample types,
while point DO, specific conductivity , pH did not. Alkalinity was close to being statistically significant, with a p-value of
0.055, but does not demonstrate a strong significance.
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Figure 5: KMeans Clustering using t-distributed stochastic neighbor embedding (t-SNE) of surface water samples (left). Correlation matrix of measured
parameters correlation to cluster assignments for KMeans Clustering (right).
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Figure 6: Distribution of SUrface Water Sources Across KMeans Clusters.

Cluster 0 is exclusively made up of surface water samples from seeps [Fig. 6]. This cluster represents environments
with high Fe(II) concentrations (2.80-36.76 ppm), moderate to high pH (6.56-7.93), moderate specific conductivity
(198.53-829.37 uS/cm), high alkalinity (85-200 mg/L), and low DO measurements (0.84-5.72 ppm). Cluster 1 is
characterized by low Fe(II) concentrations (0-1.72 ppm), moderate to lower pH (6.27-6.98), low specific conductivity
(72.85-229.13 puS/cm), low alkalinity (36-80 mg/L), and high DO (4.42-8.87 ppm). This cluster is slightly dominated by
channel (in-stream) surface water samples. Cluster 2 is represented by low Fe(II) measurements with multiple high
outliers (0-6.24 ppm), moderate to high pH (6.58-7.88), high and more variable specific conductivity (192.33-1199.00

uS/cm), highly variable alkalinity (52-225 mg/L), and moderate but highly variable DO (2.13-10.01 ppm). Cluster 2 is
predominantly surface water samples from ponds.
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Figure 7: Surface Water Sample Clusters as compared by (left) distributions of Ferrozine Fe(II) concentrations, and (right) distributions of Dissolved
Oxygen concentrations.



Variable Group1 Group 2 Mean Difference p-Value Significant

0 Log Chemetrics Fe(ll) 0 1 -1.4953 0.0000 Yes
1 Log Chemetrics Fe(ll) 0 2 -1.4376 0.0000 Yes
2 Log Chemetrics Fe(ll) 1 2 0.0577 0.8643 No
3 Log Ferrozine Fe(ll) 0 1 -2.4651 0.0000 Yes
4 Log Ferrozine Fe(ll) 0 2 -2.3463 0.0000 Yes
5 Log Ferrozine Fe(ll) 1 2 0.1188 0.8355 No
6 Log pH 0 1 -0.0560 0.0189 Yes
7 Log pH 0 2 0.0089 0.8607 No
8 Log pH 1 2 0.0650 0.0006 Yes
9 Log SpC 0 1 -1.1438 0.0000 Yes
10 Log SpC 0 2 0.0753  0.9091 No
1 Log SpC 1 2 1.2192  0.0000 Yes
12 Log Alk 0 1 -0.9186 0.0000 Yes
13 Log Alk 0 2 -0.1695 0.5238 No
14 Log Alk 1 2 0.7492  0.0000 Yes
15 Log DO 0 1 0.7613  0.0001 Yes
16 Log DO 0 2 0.6318 0.0003 Yes
17 Log DO 1 2 -0.1295 0.5985 No

Figure 8: Multiple Comparison of Means for Surface Water Sample Clusters using Tukey. Compared across Chemetrics Fe(II) measurements, Ferrozine
Fe(II) measurements, pH, specific conductivity, alkalinity, and Dissolved Oxygen.

Seeps were significantly different from ponds and channels with respect to the selected variables. Tukey’s HSD tests
across the clusters result in significant differences between clusters 0 and 1, and 0 and 2 for Ferrozine Fe(II) and DO
measurements. 1 and 2 were not significantly different for DO and Ferrozine Fe(II) measurements. However, 1 and 2 were
significantly different for pH, specific conductivity, and alkalinity [Fig. 8]. The distribution of sample types by clusters
visualizes that seeps have significantly different Fe(II) and DO measurements when compared with the clusters
dominated by ponds or channels. The significant differences between clusters dominated by ponds or channels is their pH,
specific conductivity, and alkalinity measurements. Since the ponds demonstrate highly varied DO measurements, this
accounts for the lack of significant distinction between clusters dominated by ponds and clusters dominated by channels.
Additionally, throughout the flooding season, some downstream channel samples were cut off from the main channel and
displayed altered redox conditions, potentially impacting the clustering, as well. Seeps, however, have a lower DO range
with much less variance, making them statistically distinct from both ponds and channels [Fig. 7].
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Figure 9: Confluence Box plots of Ferrozine Fe(Il) measurements, Chemetrics Fe(Il) measurements, specific conductivity, alkalinity, pH, and point
Dissolved Oxygen across water sample source type
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Figure 10: Confluence Box plots of Ferrozine Fe(Il) measurements, Chemetrics Fe(Il) measurements, specific conductivity, alkalinity, pH, and Point
Dissolved Oxygen across water sample source type



Sum of Squares Degrees of Freedom F- Sum of Squares

Variable (Between Groups) (Between Groups) Statistic P-Value (Residual)
o LlogFerrozine (F“‘)’ 38.988402 2.0 20.643969 0.000011 19.830403
q log Cheml‘fg'(ff) 43.303060 2.0 18.659333 0.000022 24367545
2 Log SpC 0.024252 2.0 0052248 0.949216 4.873799
3 Log Alk 1.403866 2.0 11.851225 0.000359 1.243803
4 Log pH 0.007688 2.0 2290618 0.125929 0.035240
5 Log DO 4.980164 2.0 10578868 0.000664 4.943036

Figure 11: Pumphouse log-transformed ANOVA for Surface Water Sample compared across Chemetrics Fe(Il) measurements, Ferrozine Fe(II)
measurements, pH, specific conductivity, alkalinity, and Dissolved Oxygen.

Sum of Squares Degrees of Freedom F- Sum of Squares

Variable (Between Groups) (Between Groups) Statistic P-Value (Residual)
o LogFerrozine (F“? 27.474649 20 4518706 0.032366 30.521319
1 Log Chem,‘;’;”(fs 2144533 2.0 0422670 0.663985 32.979533
2 Log SpC 3.908636 2.0 6.938372 0.008906 3.661685
3 Log Alk 1123266 2.0 43.319536 0.000002 0168544
a4 Log pH 0.012961 2.0 2762594 0.100040 0.030495
5 Log DO 1.237226 2.0 3.851750 0.048568 2.087874

Figure 12: Confluence log-transformed ANOVA for Surface Water Sample compared across Chemetrics Fe(I[) measurements, Ferrozine Fe(II)
measurements, pH, specific conductivity, alkalinity, and Dissolved Oxygen.

At the Confluence site, seeps showed the largest median Ferrozine Fe(II), Chemetrics Fe(Il), and alkalinity
measurements, with high outliers, and the lowest median DO measurements [Fig. 9]. Ponds had the largest median specific
conductivity , and the largest variance in pH and DO. Channels maintained low Fe(1I), specific conductivity, alkalinity, and
low but varied pH measurements with the largest median DO. Pumphouse demonstrated similar relationships, except
with higher ranges of alkalinity, specific conductivity , and DO for the seep locations [Fig. 10]. A log-transformed ANOVA
test demonstrated that the Ferrozine Fe(1I), Chemetrics Fe(Il), alkalinity, and DO had statistically significant differences
across surface water source types, suggesting sample type plays a significant role in influencing these parameters at the
Pumphouse site [Fig. 11]. Meanwhile, only Ferrozine Fe(II), specific conductivity, alkalinity, and dissolved oxygen had
statistically significant differences between source types at Confluence [Fig. 12].

2.4 Diurnal Biogeochemical Cycling: DO and Fe(II) Concentration Correlations in Beaver Ponds

The diurnal inverse relationship between DO and Fe(II) concentrations was not consistently apparent throughout
24-hour sampling probably as a result of variability and complexity between the processes governing Fe(II) cycling and
oxygen dynamics in beaver ponds, as well as sampling limitations. Over the course of two 24-hour sampling campaigns
throughout July at the Confluence floodplain, DO and Fe(Il) demonstrated a distinct diurnal inverse correlation at CP-
BeavPond1-1 for the second campaign sampling. The July 11-12th sampling took both in-person and auto-sampled Fe(II)
measurements to compare with both point and continuous DO. The July 23-24th sampling continued purely with auto-
sampled Fe(II), point DO, and continuous DO measurements.



Fe(ll) and DO Concentrations Over Time at CP-BeavPond1l-1 2024.07.11-12
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Figure 13: July 11-12th, 2024 24hr Sampling Campaign at Confluence: Fe(II) and DO concentrations over CP-BeavPond1-1’s diurnal cycle with (i) In-
person Fe(II) Ferrozine measurements, (ii) Auto-sampled Fe(Il) Ferrozine measurements, (iii) Point Dissolved Oxygen, and (iv) continuous Dissolved
Oxygen. Pearson correlation coefficient of 0.384 between continuous DO and ISCO Ferrozine Fe(Il) measurements with a p-value of 0.308.

For July 11-12th, the Pearson correlation coefficient was 0.384 between continuous DO and ISCO Ferrozine Fe(II)
concentrations with a p-value of 0.308 [Fig. 13]. At that time, the continuous DO and ISCO Ferrozine Fe(II) measurements
held a weak positive correlation that was not statistically significant. Additionally, in-person Ferrozine Fe(II)
measurements recorded higher concentrations than the auto-sampled Ferrozine Fe(Il) measurements. Possible
explanations include Fe(II) ISCO sample degradation due to exposure to oxidation or temperature changes over time, as
well as different reaction kinetics between the times of in-person and auto-sampled measurements. As the beaver pond
water samples must remain in the ISCO until retrieval, there is significant time in which the autosampler’s lack of
preservation conditions may have impacted the precipitation of Fe(II). As Fe(II) is highly sensitive to oxidation, any
exposure to light, temperature, or oxygen changes could lead to Fe(II) oxidizing and cause a lower measured
concentration of Fe(II).47 In-person Fe(II) measurements capture the concentrations instantly and preserve the sample in
a Ferrozine-HCl solution, maintaining pH and preventing any shifts in chemical equilibrium. As there was no 1 M HCl in
the ISCO, delays in analysis may reduce measurable Fe(II).46

Colorimetric point DO measurements were also notably higher than the continuous DO taken by the MiniDOT logger
likely due to the inconsistent Vacu-vile filling, differing sensitivities and calibrations between the photometer and
miniDOTs, any oxidation of the samples during extraction, or environmental interferences like temperature or light
exposure to the photometer or samples.4849

DO levels persistently follow a diurnal cycle, with more oxic periods during the day driven by a number of factors.
Photochemical reactions from UV and physical light, algal and microbial respiration, root oxygen release, dissolved
organic matter generating reactive oxygen species, wind and water turbulence, or temperature-driven mixing can all lead
to more aerobic conditions.>%51 Preliminary observations from miniDOT loggers showed the study sites all became anoxic
at night while respiration exceeds oxygen production. So within a 24-hr period, CP-BeavPond1-1 would consistently
become anoxic. However, the exact timing of that period can vary significantly. Preliminary observations saw ponds
transition to anoxic conditions at several different times including anywhere from 6:00 pm, to midnight, to 6:00 am. The
inconsistent timing of anoxia may therefore lead to unclear observable relationships between DO and Fe(II)
concentrations without continuous sampling. Over the first campaign, feedback on the pond’s oxygen dynamics could only
be received instantaneously. In addition there was a limit to the number of times sampling could take place throughout
the night as a result of in-person capacity and finite materials. These restrictions prevented continuous point sampling
and possibly constrained the results to an incomplete oxygen cycle. The large gap in sampling from midnight, July 12th,
until 5:00 am, July 12th is missing components of the DO variation.
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Under the assumption that the anoxic period must have occurred during that gap in time, the full continuous DO
data set was reviewed. All continuous DO points were plotted against the Continuous DO concentrations from the select
three sampling times across that gap: 23:55 on July 11th, 04:55 on July 12th, and 05:55 on July 12th. The miniDOT loggers
took continuous DO measurements 5 minutes prior to the ISCO sampling times of 24:00 on July 12th, 05:00 on July 12th,
and 06:00 on July 12th to avoid any possible oxidation from turbulence during the auto-sampling pond water collection.
When comparing the continuous DO data, much of the variability within the oxygen cycle is unaccounted for when only
utilizing the continuous DO concentrations from the sampling times [Fig. 14]. Those partially recorded DO concentrations
left missing variations in DO fluctuations, also indicating that only sampling Fe(II) concentrations at those times may also
exclude portions of Fe(II) fluctuations, as well.

Comparison of Continuous DO Concentrations with All Time Points, CP-BeavPond1-1 2024.07.11-12
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Figure 14: July 11-12th, 2024 24hr Sampling at Confluence: Continuous DO concentrations from 23:55, July 11th, to 5:55, July 12th over CP-BeavPond1-
1’s diurnal cycle.

However, when comparing Fe(II) concentrations with the full continuous DO data set over those select sampling
times, there was a strong association between the variables with a Mutual Information value of 0.73. Using the Mutual
Information captures both linear and non-linear dependencies, while the Pearson correlation can only account for the
linear. The Kendall’s Tau correlation coefficient was -0.44 with a p-value of 0.0002, suggesting a moderate inverse ordinal
relationship between the continuous DO and ISCO Ferrozine Fe(II) concentrations [Fig. 15]. As this is a monotonic
relationship, Kendall’s Tau can assess categorical values that have a meaningful sequence but include values without
uniform intervals. The results signify that DO and Fe(II) have a strong inverse relationship that is highly statistically
significant over this segment of time. The lack of consistent apparentness of the diurnal inverse relationship between DO
and Fe(II) concentrations throughout 24-hour sampling campaigns is therefore likely a result of inconstant sampling that
is prone to excluding important fluctuations in the iron and oxygen cycle.



Comparison of Continuous DO Data with ISCO Ferrozine Fe(ll) Sampling Times, CP-BeavPond1-1 2024.07.11-12
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Figure 15: July 11-12th, 2024 24hr Sampling at Confluence: All continuous DO vs ISCO Ferrozine Fe(Il) concentrations from 23:55, July 11th, to 5:55, July
12th over CP-BeavPond1-1’s diurnal cycle. Mutual Information value of 0.73. Kendall’s Tau Correlation Coefficient of -0.44 with a p-value of 0.0002.

For the second 24-hour sampling campaign, the Pearson correlation coefficient was -0.777 between
continuous DO and ISCO Ferrozine Fe(II) concentrations with a p-value of 0.014 [Fig. 16]. At that time, the continuous DO
and ISCO Ferrozine Fe(Il) measurements had a strong inverse correlation that was statistically significant. For this
campaign, only auto-sampling Fe(II) concentrations were taken. This allowed for in-situ review of the miniDOT loggers’
data and appropriate selection of desired surface water samples for distinct oxic and anoxic periods. Therefore, there was
a distinct diurnal inverse relationship between DO and Fe(II) concentrations in beaver ponds, however, the sampling
required to properly document it necessitates either exclusively auto-sampled collection of surface water, or intensive in-
person sampling in order to capture sufficient continuous data.

Diurnal Fe(ll) and DO Concentrations at CP-BeavPond1-1 2024.07.23-24
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Figure 16: July 23-24th, 2024 24hr Sampling Campaign at Confluence: Fe(II) and DO concentrations over CP-BeavPond1-1’s diurnal cycle with (i) In-
person Fe(Il) Ferrozine measurements, (ii) Auto-sampled Fe(Il) Ferrozine measurements, (iii) Point Dissolved Oxygen, and (iv) continuous Dissolved
Oxygen. Pearson Correlation coefficient of -0.777 between continuous DO and ISCO Ferrozine Fe(II) measurements with a p-value of 0.014.



2.5 Restoration: DO vs Fe(II) Fluctuations Across Floodplain Types

In examining three distinct sections across the Trail Creek floodplain (Natural, Degraded, and BDA), there
appeared to be no distinct differences in the floodplain types 3 years post installation according to our parameters. A log-
transformed ANOVA demonstrated that only the pH and specific conductivity had statistically significant differences
across floodplain types, suggesting floodplain type does not play a significant role in influencing these parameters at this
time [Fig. 17]. The lack of significant differences between Fe(II) and DO concentrations across floodplain type can possibly
be attributed to the timeframe of the recovery and other ecological changes, any initial homogeneity in the landscape,
hydrologic connectivity between sites, the effectiveness of the BDAs, or resilience to restoration alterations.1552 The lack
of time between BDA installation and this investigation may not have given the BDAs enough room to alter the surface
water conditions and interactions. BDAs effectiveness is dependent on passing a certain threshold of hydraulic head. 15
Insufficient time may have prevented the BDA’s from achieving those size-dependent functions, limiting the hyporheic
exchange and biogeochemical cycling around the BDAs from resembling the natural beaver dams. Additionally, BDAs are
prone to being blown out by varied flow or circumnavigated, leaving them functionless. This was observed at a number of
BDAs in the Trail Creek floodplain. Furthermore, the lack of mapping for flow or hydrologic connectivity prevents any

elimination of its impact on Fe(II) availability and fluctuations across these floodplain types.

Box Plot of Ferrozine Fe(ll)

Box Plot of Chemetrics Fe(ll)

Box Plot of pH

0.200 71
0.5
0.175 _ 7.0
0.4
0.150 1 69
%0.3 %DILZS 1 s
" noso " F-statistic  p-value
0.025
Ferrozine 2590607 0.098721
0.0 0.000
6.4
& - & & & > Chemetrics 0.843026 0.444461
& &h\mﬁ‘ﬁ & & ozd,t & & d&\mé" & 1
Floodplain Type Floodplain Type Floodplain Type pH 6.627797 0005870
Box Plot of SpC Box Plot of Alk Box Plot of DO
t -1 SpC 7165001 0.004244
i [ 1 Alk  0.210979 0.811487
= . ' DO 1831590 0.184836
2 | B.2
T —
1 I 7.8
& & & & b
& dﬁ#" & & & & & & &

Floodplain Type

Figure 17: Trail Creek Box plots of Ferrozine Fe(Il) measurements, Chemetrics Fe(Il) measurements, specific conductivity, alkalinity, pH, and point
Dissolved Oxygen across water sample source type (left), and log-transformed data ANOVA results (right).

However, graphing the Ferrozine Fe(Il) concentrations as a progression along the stream corridor allows
further investigation into Fe(II) dynamics across floodplain types [Fig. 18].
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Figure 18: Ferrozine Fe(II) concentrations along the Trail Creek stream corridor.

The degraded sections showed a decline in Fe(II) concentrations followed by an increase in the BDA portion.
This suggests possible oxidation or sedimentation of the Fe(Il) in the degraded sections and a reintroduction of Fe(II)
preservation throughout the BDAs or downstream iron accumulation.>3 The loss of Fe(Il) in the degraded section of the
floodplain points to either iron is being removed from the water column or converting into other forms like iron
hydroxides, iron sulfides, mixed iron-organic complexes (like humic or fulvic complexes), or iron co-precipitation with
phosphate or carbonate minerals.5354 In the case of iron hydroxides, iron sulfides, or iron co-precipitation with phosphate
or carbonate minerals, Fe(Il) concentrations would be reduced in the degraded sections, and the BDA portion would have
to reintroduce Fe(II).5* However, mixed iron-organic complexes like the complexation of Fe(II) with organic molecules can
form both soluble and insoluble complexes that can remain dissolved in the surface water, precipitate out, or be
transported downstream.>> Sedimentation and mixed iron-organic complexes could cause the transport of Fe(II)
concentrations rather than the precipitation of them, resulting in Fe(II) accumulation downstream at the BDA portions.

Another possible explanation for the increase in concentrations along the BDAs could be that these
structures either preventiiron oxidation or enhance Fe(II) release. BDAs can facilitate low flow conditions and low oxygen
in their subsequent ponds, preventing the oxidation of Fe(II) and allowing it to accumulate. 56-58 However, after graphing
the point DO concentrations along the stream corridor and running a Pearson Correlation analysis between the point DO
and Ferrozine Fe(II) concentrations there was a very weak inverse relationship that was not statistically significant
between the two variables [Fig. 19-20]. Therefore, oxidation prevention is not likely. In order to determine further
characteristics of this stream corridor and possible enhanced Fe(II) release, it would be prudent to track flow rates and
water residence times. Comparing flow rates and Fe(II) and total iron concentrations into and out of each section of the
floodplain could quantify any system loss or gain throughout the corridor. That quantification could indicate whether
Fe(II) is being accumulated downstream or if its release is being enhanced.>%60
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Figure 19: Point DO concentrations along the Trail Creek stream corridor.
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Figure 20: Point DO vs Ferrozine Fe(II) concentrations along the Trail Creek stream corridor.

Total Organic Carbon (TOC), inductively coupled plasma mass spectrometry (ICP-MS) samples, and light data
from a HOBO light logger were also collected for future review. TOC and ICP-MS could provide insights into the trace
elements (like Co, Cu, Zn, Pb ) and organic matter influences on Fe(II) availability. Light data could assist in determining if
the pond’s oxic DO fluctuations are driven by photosynthesis.6162

Further considerations should examine differing metabolic pathways (like nitrogen) and microbial interactions,
sequencing of iron microbes, quantifications of system loss or gain, and sampling a greater breadth of seep and pond
locations. Fe(II) is able to precipitate into Fe(IlI) without the use of oxygen via microbial oxidation, coupled with
denitrification [Eq. 2].63 Heterotrophic nitrate-dependent Fe(II) oxidation is even more favorable in some environments,
especially in anoxic zones, which assists in maintaining the availability of essential nutrients and energy in those
environments.®* This process both facilitates Fe(II) precipitation and has significant roles in the nitrogen and nutrient
cycles of oxygen-limited ecosystems (like floodplains).6566 As such, it is a highly important aspect to consider in future
investigations of beaver-impacted systems.
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2+ 3—- 2- +
Fe"" + NO* + 5H,0-2Fe(OH), + NO~ + 4H
Equation 2: The microbial oxidation of Fe(II) coupled to denitrification.

Sequencing iron-related microbes may contribute towards identification of key species involved in iron redox

reactions across the floodplains, testing any similarities or differences between the Confluence and Pumphouse sites.67-69
Additionally, quantification of flow rates with Fe(II) concentrations assists in conducting mass and energy balances across
redox-sensitive elements, especially iron. This enables quantification of system loss or gain, as mentioned above.5960
Finally, expanded seep sampling breadth could look to include not only varied depths of seeps, but a greater number
overall, with greater variation in microbial activity among them. This would provide a more comprehensive
understanding of these floodplains, any changes, and the impacts of those changes.

In summary, beaver-impacted floodplains demonstrate an inverse correlation between Fe(II) and DO, however,
the strength of that correlation varies by floodplain. Additionally, seeps are chemically different than ponds and
channels, possibly indicating chemically distinct roles in the biogeochemical cycle. Furthermore, there is a distinct
diurnal relationship between DO and Fe(II) in beaver ponds. Each of these aspects can be used to inform further
studies into the biogeochemical capabilities of beaver-impacted floodplains.
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