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Key Points
1. Wood jam characteristics are difficult to reproducibly measure without simple, mainly binary metrics
2. We present a procedure for building a comprehensive database of wood jam dynamics to facilitate predictions of dynamics during high flows
3. We present time-lapse monitoring data to support a proposed procedure, database, and statistical model

Abstract
	Wood jams in rivers and on floodplains play an essential role in shaping valley bottoms. Jams are inherently complex and difficult to measure, and collecting data on wood jam dynamics during high flows is complicated by the recurrence interval between flows that measurably change or mobilize a jam. We present the Wood Jam Dynamics Database and Assessment Model (WooDDAM) to improve understanding and management of both natural and anthropogenic wood jams in rivers. WooDDAM provides a platform for building a wood jam dynamics database as well as an evolving, machine-learning statistical model for predicting wood jam dynamics during high flows. The tool includes a field data collection protocol, wood jam dynamics database, predictive statistical model, and an online user interface to facilitate collaborative data collection. This article provides the background and guidance necessary to utilize WooDDAM to make predictions of and contribute to the database describing wood jam dynamics. We present tests of interoperator variability as well as time-lapse video monitoring of wood jams during high flows. We interpret time-lapse data to both present novel observations of wood jam dynamics during high flows and justify the variables utilized in the database. To refine the model predictions and improve the predictive power, users are encouraged to follow simple resurvey procedures and submit new data. This statistical model provides a management tool for the retention or reintroduction of wood jams in rivers and facilitates further research into the interactions between wood jam dynamics and fluvial or ecological processes. 

Plain Language Summary
	Wood jams are common in rivers and can provide numerous benefits to the ecosystems within and surrounding rivers. Due to how complex and varied wood jams can be and because they can sometimes go years without changing, we currently lack an effective tool to study and predict how wood jams change over time. This makes managing wood jams difficult. We present a mechanism for allowing many people to collect data describing how wood jams change during high flows. Measurements taken in the field can be uploaded to a publicly accessible database. This database is used to run a statistical model that will predict how a wood jam may change during high flows, providing a management tool to make more informed decisions about whether to remove, retain, or reintroduce wood jams. The model will help managers have a better idea of what may happen if a wood jam is introduced or left in a river, so that they can more informedly balance the ecological benefits with the human risks posed by wood jams. For researchers, this database provides an important resource for conducting further investigations.




1. Introduction
[bookmark: _Hlk505147769]	Wood is a fundamental component of riverine ecologic and geomorphic systems. By providing instream refuge and altering hydraulics and bed texture, wood can support habitat for fish, macroinvertebrates, and plants (e.g., Coe et al., 2009; Francis et al., 2008; Klaar et al., 2011; Ellen Wohl, 2015). Over the course of multiple flood cycles, wood provides flow resistance that can drive overbank flow, forcing water, sediment, and nutrients onto floodplains (Jeffries et al., 2003; Sear et al., 2010; E Wohl, 2013). Relatively stable wood, through its alteration of flow hydraulics during floods, can strongly alter erosion and deposition on the stream bed and banks, and drive avulsion and island creation (Abbe & Montgomery, 2003; Bertoldi et al., 2009; Collins et al., 2012; Gurnell et al., 2005). Downed wood interacts with bed sediment, banks, and living wood to shape channels and regulate fluvial processes (Brooks et al., 2003; Gurnell, 2013; Le Lay et al., 2013; Nakamura & Swanson, 1993; Scott et al., 2014). In general, wood in rivers tends to increase physical complexity, which can lead to more resilient and healthier valley bottom ecosystems (Wohl et al., 2017).
	Wood is commonly a high priority for management (Roni et al., 2015), both because of its ecological and physical function as well as its potential to create hazards. While the physical processes driven by wood can be beneficial to the valley bottom by increasing physical complexity, wood can also be hazardous to infrastructure (Lucía et al., 2015; Mazzorana et al., 2009; Ruiz-Villanueva et al., 2013; Wohl et al., 2015) and recreationists. For example, wood-mediated avulsions can threaten bridges, diversion structures, and floodplain property. In some settings, wood can also pose unacceptable risks to boaters and other recreationalists. As such, wood management must focus on balancing the environmental benefits with the potential hazards to humans and property.
Public perception of wood is generally negative (Chin et al., 2008); it is commonly seen as debris that requires cleaning. In addition, rivers have historically experienced widespread wood removal, including direct removal to facilitate navigation and log drives (Comiti, 2012; Sedell & Froggatt, 1984; E. Wohl, 2014). In addition to reducing wood loads in streams, these activities have reduced channel roughness (e.g., Ruffing et al., 2015), leading to continuing low wood loads and resulting negative impacts on fish and macroinvertebrate habitat (Fausch & Northcote, 1992; Gerhard & Reich, 2000; Johnson et al., 2003; Wohl, 2014). This motivates the reintroduction and active retention of wood in rivers as a mechanism of ecological restoration. Although wood reintroduction has been used to accomplish both river engineering and ecological restoration goals for over a century, the focus of wood reintroduction and retention efforts is shifting towards the use of more natural wood structures (Roni et al., 2015). Such structures are typically not anchored in place, can be cheaper than alternative (more stable) structures, and can allow for restoration of process as well as form over long stream segments. Unfortunately, our lack of knowledge of how riverine wood changes over time severely limits our ability to predict the impact of restoring or retaining wood in and around rivers.
	Large wood in rivers (generally, greater than 10 cm diameter and 1 m in length) can be classified into either individual pieces or wood jams, which refers to 3 or more large wood pieces in contact with one another (Ellen Wohl & Cadol, 2011). Individual pieces of wood have been observed to be more mobile than jams (Davidson et al., 2015; Wohl & Goode, 2008), although wood jams can lose, gain, or exchange pieces of wood, especially during high flow (Kramer & Wohl, 2016). This makes defining wood jam stability versus mobility difficult, as the composition of the jam can change from flow to flow. Therefore, we define a jam as being stable if the jam itself, but not necessarily all or most of its wood, persists through time. Wood piece mobility can be estimated using a force and moment balance approach (Merten et al., 2010; Rafferty, 2013; Rafferty, 2017; Wohl et al., 2015), but such an approach is generally not applicable to wood jams, for which exact dimensions and shape are difficult to quantify (even estimating volume is sometimes impossible on large wood jams). Although the National Large Wood Manual suggests a force and moment analysis of large wood structures (USBR & ERDC, 2016), this analysis does not account for: rearrangement of the jam during high flow; jams that are not fully secured (i.e., those in which wood pieces can act independently of one another); complex interactions between jams and relatively immobile objects on the bed and banks; and jams with high porosity. Due to these deficiencies, such a force and moment analysis lacks broad applicability to unanchored wood jams.
Here, we present the Wood Jam Dynamics Database and Assessment Model (WooDDAM), including a field data collection protocol, wood jam dynamics database, predictive statistical model, and online user interface. WooDDAM is designed to comprehensively describe wood jams, generate a public and open database of wood jam characteristics and dynamics, and provide a modeling tool for wood jam dynamics in channels. This tool is designed to provide a collaborative method for understanding wood jams and their dynamics during high flows. We use evidence from interoperator variability testing and time-lapse monitoring of wood jams during high flows to support our decisions in designing WooDDAM.
The purpose of this article is to describe WooDDAMs approach and introduce it to others to begin utilizing it and the database for both management and research. We encourage broad use of the tool in a variety of settings to foster development of the most effective predictions possible. This wood jam dynamics tool is designed to accomplish three primary objectives: 
1) Provide a framework for data collection to populate the database established to train the statistical model. The data are to be collected using methods that elicit reproducible results from multiple operators in varied environments. Since wood jams experience change on a variety of timescales (Kramer & Wohl, 2016), it is difficult to generate a statistically viable sample of wood jam dynamics (i.e., observed changes in wood jams during high flows) in a reasonable amount of time without involving multiple investigators. By ensuring that measurements are reproducible, we can ensure that both research and management teams can implement the recommended monitoring protocol correctly, utilize the statistical model without introducing excessive bias, and contribute to the wood jam dynamics database. 
2) Create a database that is easily accessible and open to the public. This allows users of the model to investigate the data used to train the model to determine its applicability to their uses. 
3) The model and database must facilitate contextualization and interpretation of predictions. Because a single statistical tool cannot provide definitive predictions of wood jam dynamics, it is important to facilitate integration of the statistical tool and user expertise. With user understanding of the similarity of a particular situation to the cases used to train the model, the user can better judge the confidence they should put in model predictions. Similarly, by making the model interpretable, users can both better understand the system of interest and understand why the model delivers a particular prediction. The model predictions should be one line of evidence that can be easily integrated with other lines of evidence in decision-making.
2. Methods
2.1 Wood Jam Monitoring Database
	The wood jam monitoring database is designed to serve two purposes: 1) it compiles data used to train the statistical model of wood jam dynamics; and 2) it stores multi-year monitoring data of wood jam characteristics and the channel and watershed context in which they reside, serving as a foundation for further research into relationships between wood jam dynamics, geomorphic change, human activities, and other environmental variables. The database largely utilizes binary or categorical variables; this was primarily done to allow for reproducibility between multiple operators collecting data (see section 3.1). Database variables characterize wood jam, valley bottom, and hydrologic characteristics to predict wood jam dynamics. There is less focus on relating specific flow magnitudes to wood jam dynamics; flow magnitude alone is a poor predictor of wood transport rates (Iroumé et al., 2015; Kramer & Wohl, 2014; Macvicar & Piégay, 2012). Instead, it has been proposed that channel conditions surrounding wood jams are likely a better predictor of their longevity and how they may change over time (Roni et al., 2015), and as such are the focus of this database.
	The database contains variables that fit into the following broad categories: wood jam change during high flow, hydrologic regime, channel geometry, reach-scale valley bottom characteristics, relative location and geometry of the wood jam, and physical characteristics of the wood jam (Table 1). The response variable of the wood jam dynamics model is wood jam change during high flow, which is classified into a series of 5 binary variables that describe possible changes a wood jam may experience during high flow. These include whether a jam accumulated wood, lost wood, contracted, expanded, mobilized, or did not change. It is important to note that aside from mobilized and did not change, these modes of change are non-exclusive, in that a wood jam can change in more than one way during a high flow (e.g., contract and accumulate wood). Aside from these variables, all other variables are treated as predictor variables that can be used to model wood jam change during high flow, and are listed and described in Table 1. These variables are all hypothesized, either from prior direct evidence or reasonable speculation, to relate to how a wood jam may change over time. Although it is likely that not all variables will end up relating to wood jam dynamics as the database grows, the amount of information stored in the database provides flexibility for future model building and other investigations. 
	Hydrologic regime is described by 5 binary variables: whether flow in the channel is perennial, the flow regime is flashy, high flow peaks are sustained, ice jams regularly occur, and whether high flows are driven by snow- or glacier-melt. Defining the stream as perennial versus ephemeral gives an indication of whether live woody vegetation may be able to establish in the channel or on bars, potentially stabilizing wood jams (Dunkerley, 2014; Opperman & Merenlender, 2007; Opperman et al., 2008). Ephemeral streams can also allow more wetting and drying of wood in a jam, potentially affecting the wood’s bulk density and buoyancy. High flows that rise quickly (flashy flow regime) may not allow for readjustment of pieces as flow rises (see section 4 below), meaning that the jam may not change during the rising limb of a high flow. In contrast, slowly rising and/or sustained flows can facilitate wood accumulation, contraction and rearrangement of jam pieces, and deposition of fine sediment and organic matter on the upstream face of the jam. Such fine material deposition may alter the interaction between hydraulic forces and the jam structure. Flashy streams can also be more likely to mobilize wood than non-flashy streams (Braudrick et al., 1997; Kramer & Wohl, 2016). Sustained peaks, especially those that are melt-driven, frequently exhibit diurnal flow fluctuation, resulting in substantial rearrangement of wood jam structure during high flows (see section 3.2). Noting where flow regimes are melt-driven and sustained can provide an indication of whether jams may experience substantial rearrangement of pieces or accumulation of wood in transport during high flows, which may impact their dynamics (Kramer & Wohl, 2016). Additionally, ice jam breakup floods can be more erosive than non-ice floods (Prowse & Culp, 2003; Rood et al., 2007) and can transport large amounts of wood, even at low flows (Boivin et al., 2017).
	Channel geometry is described by bankfull width, bankfull depth, and channel slope. These variables characterize the basic hydraulic characteristics of the channel. Reach-scale valley bottom characteristics include planform, bedform, categorical clast size, valley confinement, and whether the channel is a main or side channel, a floodplain is present, and whether there are other wood jams in the reach. Planform is used to differentiate multi-thread from single-thread channels and give some indication of the morphological roughness of the channel (e.g., a braided channel is expected to contain more bars than a straight channel). Similarly, bedform, described by the classification of Montgomery and Buffington (1997), provides some information on the presence or absence of pools or other bed roughness elements. Because these data are designed to be rapidly collected, simple categorical bed clast size is used, which provides an approximate characterization of the hydraulic energy level in the reach. The presence of a floodplain and the degree of valley confinement are indicators of the expected behavior of flow during high flows. A channel with a floodplain or an unconfined valley is likely to have a lower rate of change in transport capacity as flow increases above bankfull compared to a confined channel or one lacking a floodplain (Wohl, 2011). Differentiating channels into main versus side channels provides an indication of the relative transport capacity (with side channels expected to have a lower capacity). The presence of other wood jams in the reach serves as an indicator of whether the reach may be expected to retain wood at any given time. Although there is no direct mechanistic link between the presence of other pieces of wood in a reach and the dynamics of a given wood jam, there is some indication that wood load can relate to wood transport capacity (Kramer & Wohl, 2016), such that wood jams that are isolated within a reach may be less stable.
	The absolute location and geometry of wood jams is described by latitude and longitude, which are helpful for mapping purposes as well as facilitating the collection of remotely sensed data. The relative position and geometry of jams are described by whether the jam touches the bed, banks, floodplain surface, the outer and/or inner bend region, and whether the jam occupies the thalweg, spans the channel, is oriented dominantly parallel or perpendicular to flow, if key pieces (defined as those that retain or hold up any other wood in the jam, not just the most stabilizing or largest pieces) extend above bankfull depth, and if key pieces are oriented at an angle of 15 degrees from horizontal or greater. The variables describing the orientation and the valley bottom surfaces or regions of the channel touched or occupied by the jam provide a comprehensive picture of the jam geometry relative to the channel boundaries and floodplain (Figure 1). The location of key pieces of a jam within the channel or floodplain can influence its stability (Davidson et al., 2015). The angle of key pieces relative to the horizontal provides a threshold estimate of the rate of submersion during high flows – key pieces that are closer to horizontal will be submerged quickly as flow rises, while those at an angle to the horizontal will be submerged more slowly and could be more stable during rapid stage increases.
Figure 1: Illustration depicting wood jam geometry and location measurements, and how they each determine either where a wood jam is located within a channel cross-section or the relative dimensions of the jam. Blue depicts explicit location metrics. Green depicts channel boundary location metrics. Brown depicts wood jam geometry and orientation metrics. See table 1 for descriptions of each measurement. These measurements, when taken together, provide a comprehensive description of the location, size, and orientation of a wood jam relative to the geometry of the channel.
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The physical characteristics of a wood jam are described by the degree to which the jam obstructs flow, whether the jam has morphologically impacted the channel via scour or deposition, key pieces are buried in sediment, fine wood or sediment rest atop key pieces, the jam is pinned on a relatively immobile object such as living wood or a large boulder, and whether that object extends above bankfull depth. Additional physical characteristics include the average decay class of the wood comprising the jam (Harmon et al., 2011), whether any key pieces forming the jam were sourced in situ from the bank immediately surrounding the jam, key pieces are still attached to rootwads, wood comprising or growing off the jam is living, and whether key pieces have multiple trunks. Flow obstruction is measured by a 3-category index as an alternative to estimates of porosity, which is difficult to reproducibly measure (see section 3.1). High obstruction index values indicate a lower porosity and likely higher drag forces during high flows. Morphologic impact is an indicator of past stability in some circumstances. For a given morphologic impact such as scour or deposition, the wood jam must be stable in the flow that caused the scour. We infer that wood jams that have caused greater degrees of scour or deposition are more likely to be relatively stable than jams that have not. Buried key pieces are likely more stable than those resting on the bed (Bilby, 1984; Merten et al., 2010). Fine wood or sediment deposition atop key pieces indicates that the jam has experienced submersion without mobilization. Pinning on a relatively immobile object (also described as anchoring or bracing) is likely to stabilize a wood jam during high flows (Merten et al., 2010), especially if the wood cannot be easily transported over the pinning object because that object extends above bankfull depth. Decay class provides an indication of both the density and durability of wood pieces, both of which may impact the stability and dynamics of the jam during high flows (Macvicar & Piégay, 2012; Merten et al., 2013; Wohl & Goode, 2008). In situ key pieces often remain anchored to bank material, possibly increasing stability. Rootwads and multi-trunk pieces both increase the complexity of key pieces, likely increasing the degree to which such pieces can entangle themselves with other pieces and other objects in the channel and increasing stability (Braudrick et al., 1997; Davidson et al., 2015; Merten et al., 2010). Finally, living wood can both indicate long-term stability, if growing atop a jam, and stabilize a jam through root growth into pieces in the jam and surrounding banks or by providing a stable pinning object (Dunkerley, 2014). 

2.2 Field Data Collection and Data Submission Protocol
	The aforementioned variables can be collected mainly in the field (except for those describing hydrologic regime) quickly by one or more people. However, field conditions are complex and varied, and it is difficult to apply measurements similarly in all situations. To build a robust database these measurements must be reproducible between operators. 
	The general procedure for surveying a wood jam, submitting data to the database, and obtaining model predictions is outlined in Figure S1. An initial survey of wood jam characteristics (Table 1) is all that is required to obtain statistical model predictions of wood jam dynamics. Submitting data to the database requires subsequent resurvey(s) after high flows to measure wood jam dynamics.
The initial wood jam characteristics survey, ideally completed when the jam is visible and accessible at low flow, can be submitted to the database in a spreadsheet format. The spreadsheet can be downloaded from the website (https://sites.warnercnr.colostate.edu/woodjam/) and the relevant columns for field data collection can easily be copied into a field notebook for data collection. Channel geometry measurements can be collected using a variety of techniques. Since these measurements are only needed to give a general idea of channel geometry, there is little need for high accuracy in these measurements – efficient but less accurate survey equipment, such as handheld laser rangefinders, are suitable for collecting these data (Scott et al., 2016). All other measurements can be collected by examining the jam visually. Using a handheld laser rangefinder, this procedure generally takes between five and 10 minutes per wood jam for a 1-2 person team.
	Resurveys consist of determining what change the wood jam experienced after a high flow (i.e., note whether the jam mobilized, accumulated wood, lost wood, contracted, and/or expanded). Although the data collection spreadsheet includes a column for estimating the magnitude of the high flow that occurred between the initial survey and the resurvey, these data are not explicitly necessary for statistical modeling, although they can be helpful. If users wish to monitor wood jams over multiple high flows, it is necessary to determine whether any of the initially measured characteristics changed during the high flow following the initial survey. If characteristics have changed, the user should resurvey the jam and make a new entry in the database. Otherwise, another resurvey can be performed after the following high flow to determine whether change occurred. Commonly, change can be best noticed through the analysis of repeat photography; we strongly recommend taking photographs of the jam during each survey for comparison. We also recommend noting a descriptive location for each jam to assist with relocating the jam (Table 1).
It is important to note that if a high flow is missed (i.e., if two flows at or above bankfull occur before resurveys are completed), the cause of the change can only be attributed to a flow of the peak magnitude that occurred between surveys, or of lesser magnitude. Higher temporal resolution resurveys (e.g., after every storm during the rainy season) increases knowledge of how both low and high flows affect wood jam dynamics, while lower temporal resolution resurveys restrict information to only the highest flows that occur between surveys. If flow magnitude cannot be estimated, those data will not contribute to our understanding of how flow magnitude influences wood jam dynamics, but the provided data can still help relate jam and channel conditions to measured change.
Wood jam observations submitted to the database via the data collection spreadsheet are identified by both the river the wood jam is on, a number assigned by the operator, and a unique identifier code assigned to the observation as it is submitted to the database. Dates are recorded for each observation to facilitate temporal analyses. Each row in the database corresponds to a particular wood jam and (if data are collected and submitted) a single resurvey of that wood jam, showing how that wood jam changed over the time between surveys. Each time a jam is resurveyed, a new row must be created and either populated with data from the initial survey (if no change occurred) or populated with updated data from the resurvey (if change to the jam or the surrounding channel occurred). The new row should have an ID identical to the original jam, but with “_1” appended to the end (“_2” after the second resurvey, etc.). We note that jam characteristics may not change enough to alter any measured variables, even if the wood jam experiences some form of change.

2.3 Statistical Model to Predict Wood Jam Dynamics
	The developed model utilizes multiple logistic regression to predict a series of binary variables describing potential change a wood jam can experience during high flow. The output describes the probability of the wood jam experiencing change during a high flow (e.g., a given wood jam may be predicted to have a 0.76 probability of accumulating wood). All statistical analyses were performed using the R statistical package (R Core Team, 2017).
A logistic model was chosen because of its applicability to predicting binary outcomes as well as the relative ease of model interpretation. For each model, summary statistics are produced that describe the change in odds of the outcome for a unit change in each predictor (holding other predictors constant). For instance, if whether a wood jam spans the channel was found to be a significant predictor of whether that wood jam might accumulate wood during a high flow, a summary statistic might report that if a wood jam spans the channel, it is x times (with a 95% confidence interval between a and b times) more likely to accumulate wood than a wood jam that does not span the channel.
Given that a statistical model should use as few predictors as possible to predict a response, we use multiple model selection techniques to select only relevant variables from the database to train the model. We first examine univariate relationships between all predictors and the response to filter variables with extremely insignificant relationships to the response. After this filtering, we then consider each of the remaining predictor variables to evaluate whether there is a mechanistic explanation for why the predictor may correlate with the response and remove variables that have no likely mechanistic relationship. We use the remaining variables to perform all subsets multiple logistic regression, starting with a full model and then using an information criterion appropriate to the sample size (either Akaike Information Criterion or the corrected Akaike Information Criterion for small sample sizes; Wagenmakers & Farrell, 2004) to judge variable importance, taking only important variables in the final model. We use bivariate analysis and a variable inflation factor to ensure that no two variables in the final model strongly correlate with one another, which could impair interpretation. Finally, to evaluate predictive accuracy, we perform repeat k-fold cross-validation appropriate to the sample size (to limit computational load and balance the bias introduced by too small a k value and the variance introduced by too high a k value). We use the accuracy and kappa statistic to evaluate the average accuracy of the model across all cross-validations as well as evaluate how well the model performs relative to random chance. To determine whether post-filtering model selection significantly reduces predictive performance, we also compare the accuracy and kappa statistic of the filtered full model to the reduced model.
Because the statistical model must be adaptive to new data as users submit data to the database, the model must be periodically retrained using the procedure outlined above. Although the procedure is relatively generalized and will likely work as the dataset grows, we will periodically reevaluate the type of model we use and the model selection and testing procedure to ensure that it is appropriate given the nature of the database.
Importantly, model predictions are not intended to be the only line of evidence for making a decision about a particular wood jam. Because the model is interpretable, users can utilize their knowledge to augment model predictions by understanding why the model may have made that prediction. In addition to this contextual knowledge, the model also reports summary statistics for pertinent predictor variables to show the similarity between data used to train the model and new data submitted to the model for prediction. This gives users some idea of the confidence expected from the model prediction. For instance, if newly submitted data are far out of the range of data used to train the model, users should be careful in applying the model prediction.
The online user interface and model interaction is implemented using the R package shiny (Chang et al., 2017). This package allows users with little to no experience in statistical modeling or coding to utilize the predictive model and database in an online user interface.

2.4 Measuring Reproducibility of Field Measurements
	To ensure that our data collection procedure is as reproducible between operators as possible, we performed two field tests to compare variability within different measurement categories. We hypothesized that measurements that required precise identification of wood jam boundaries (i.e., length, width, height) would be more difficult to reproduce between operators. We also hypothesized that in describing porosity, an obstruction index would be more reproducible than a visual estimate of porosity as a percentage. Finally, we hypothesized that simpler binary variables (i.e., variables that delineated whether key pieces touched certain parts of the channel) would be more reproducible than descriptive binary variables (i.e., variables that ask whether the jam met a certain description, such as being ramped on a bank or bridging the channel).
	Our first field test included three professional geomorphologists and engineers (Master’s level or above with field experience specifically in measuring wood in rivers). Our second field test included one professional geomorphologist as well as four undergraduate geology students, none of whom had experience collecting field data in a fluvial setting. For both tests, a handheld laser rangefinder (Trupulse 360) was used to measure distances and angles (see Scott et al., 2016 for more details). All laser rangefinders were calibrated using factory recommendations before each test. All operators were given identical instructions for data collection both verbally and via an instruction sheet to which they could refer throughout the field work, but were told not to discuss measurements in the field. All operators collected data on the same wood jams at the same time. 
	We measured interoperator variability using a coefficient of variation (defined as the variance normalized by the mean) for continuous numerical variables and a coefficient of unalikeability for binary or categorical variables. The coefficient of unalikeability is a readily interpretable measure of how often observations differ from one another (Kader and Perry, 2007; similar to coefficient of variation). We compared these coefficients using Wilcoxon rank-sum tests (Wilcoxon, 1945), visual examination, and examination of appropriate confidence intervals.

2.5 Time-lapse Camera Monitoring of Wood Jam Dynamics During High Flows
	We utilized time-lapse monitoring of select wood jams during high flows to help understand the processes that influence wood jam change during high flows and determine which variables that could be measured during low flow might relate to jam characteristics during high flows, as well as which variables might be most relevant to determining high flow dynamics. We monitored 24 jams over the course of at least one high flow season per jam. These jams were dominantly located in either the headwaters of the South Platte River in the Colorado Rocky Mountains or the Snoqualmie River drainage in the Cascade Mountains of Washington. We used Bushnell Trophy Cam HD Essential 12-megapixel trail cameras, with one image per hour collection during both day and night in addition to a maximum of one motion-activated image per hour both day and night. 
3. Results and Discussion
3.1 Interoperator Variability Testing 
	The field tests (25 jams) indicate that width, length, and height measurements for wood jams were significantly more variable (p < 0.0001, 95% confidence interval on median coefficient of variation between 0.28 and 0.36) between operators than binary measurements meant to act as proxies for those geometric measurements (95% confidence interval on median coefficient of unalikeability between 0.00 and 0.00). These include whether the jam is channel spanning, touches the bank or bed, has key pieces that extend above bankfull depth, occupies the thalweg, and whether the jam is dominantly oriented parallel to flow (Figure 2). From this, we concluded that binary proxies for measurements of wood jam dimensions would be preferable in terms of maximizing reproducibility.

Figure 2: Boxplot showing coefficient of variation (for numerical variables: width, length, and heights) and coefficient of unalikeability (for binary variables). Bar represents median, top and bottom of box represent 3rd and 1st quartiles, respectively, and ends of dashed lines represent range of data, excluding outliers (which are represented as circles).
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Using data on 8 jams with experienced operators (only this test included the porosity variable), porosity (95% confidence interval on median coefficient of variation between 0.43 and 0.58) was marginally more variable (p = 0.07) than obstruction index (95% confidence interval on median coefficient of unalikeability between 0.00 and 0.44). Thus, we concluded that obstruction index was likely a more reproducible way of measuring porosity than a visual estimate of porosity as a percentage. Using this same dataset, descriptive variables (whether the jam was bridging the channel or ramped on a bank) exhibited a higher unalikeability coefficient (95% confidence interval on median between 0.44 and 0.44) than binary variables that simply asked whether key pieces were touching a particular surface (touches bank, touches bed, 95% confidence interval on median between 0.00 and 0.00). This indicated that simpler, non-jargon binary variables were likely more reproducible than those that utilized descriptive terms commonly found in the literature (e.g., Wohl et al., 2010).

3.2 Time-lapse Monitoring
	Time-lapse monitoring revealed several distinct processes that appeared to influence wood jam dynamics. We observed distinct differences in the way wood jams reorganized during high flows depending on hydrologic regime, mainly related to the duration and rate of change of stage. However, wood jam structure in relation to channel geometry can alter behavior due to flow variability. We observed mobilization that appeared to be related more to the duration of flow and changes in the porosity and structure of the jam than to the stage at mobilization. Over the course of multiple high flows during a single season, we observed wood accumulated on a jam with subsequent reorganization leading to contraction of the jam and a decrease in porosity. 
	Although wood jam reorganization is related to flow magnitude, with flows near or greater than bankfull potentially most effective at transporting wood (Kramer & Wohl, 2014; Macvicar & Piégay, 2012), jam reorganization also appears to be a function of both the rate of change of stage and the duration of high flows. We observed a wood jam on the Cache la Poudre River in the Front Range of Colorado (40.628235, -105.804795) expand and contract repeatedly as it experienced diurnal flow fluctuation during a sustained snowmelt peak flow in June of 2016 (Supplemental Video 1, Figure 3). We observed this diurnal expansion and contraction on many jams in the Front Range, where snowmelt peaks are sustained (generally over a week) and diurnal flow fluctuation is common in mountain streams. However, we notably observed that diurnal flow fluctuation did not cause expansion and contraction in a wood jam on North St. Vrain Creek (40.200839, -105.582169) during the same snowmelt peak (Supplemental Video 2, Figure 4). We suspect that this jam on North St. Vrain Creek did not noticeably change during this flow fluctuation because it was both pinned on a large, likely immobile boulder and its key pieces were oriented at a high angle to the horizontal. This likely resulted in the key pieces not being buoyed up and down as flow rose and fell during the diurnal stage fluctuation. From this, we conclude that the presence or absence of a sustained peak with diurnal flow fluctuation (driven by melting snow or ice) is likely an important hydrologic variable in determining wood jam dynamics at high flow. Along with those hydrologic variables, whether a jam is pinned and whether its key pieces are oriented at a high angle to the horizontal also appear to play a role in regulating the behavior of a jam during a high flow.

Figure 3: Snapshots of time-lapse video showing a wood jam on the Cache la Poudre River in the Front Range of Colorado (40.628235, -105.804795) expanding and contracting during a single diurnal fluctuation in melt-driven flow. Upper left shows jam during low stage of diurnal fluctuation during snowmelt peak. Upper right shows jam during high stage. Lower left shows jam at lowest stage in diurnal fluctuation. Lower right shows jam at low flow. Notice that both key pieces (e.g., large, nearly horizontal log in front of jam) as well as racked material move up and down as flow fluctuates over the course of a single day.
[image: ]

Figure 4: Snapshots of time-lapse video showing a wood jam on North St. Vrain Creek in the Front Range of Colorado (40.200839, -105.582169) during a single diurnal fluctuation in melt-driven flow. Upper left shows jam before snowmelt at low flow. Upper right shows jam at low stage of a diurnal stage fluctuation. Lower left shows jam at the peak of a diurnal fluctuation. Lower right shows jam shortly after peak of a diurnal fluctuation. Notice that key pieces do not move during this fluctuation, unlike the jam shown in Figure 3. This may be because these key pieces are pinned on a large, likely immobile boulder and are oriented at a high angle to the horizontal, making them unlikely to be buoyed up and down as stage fluctuates.

[image: ]


	The mechanisms by which wood jams mobilize are not well understood. Our time-lapse monitoring reveals that because wood jams interact with channel boundaries, mobilization or the loss of wood comprising a jam is not simply a function of stage. This is illustrated by considering two wood jams, one on the Cache la Poudre River of the Colorado Front Range (40.622525, -105.800396) and one on the South Fork Snoqualmie River of the Washington Cascades (47.4105072, -121.5796509). The jam on the Cache la Poudre River experienced mobilization during the peak of a diurnal flow fluctuation only after 9 consecutive preceding diurnal fluctuations, all of which reached a maximum stage that overtopped much of the jam (Supplemental Video 3, Figure 5). The flow that mobilized the jam did not appear to be higher magnitude than the preceding 9 days of high flows, but during those fluctuations, wood pieces accumulated on the jam and expansion and contraction due to flow fluctuation likely altered the jam’s structure, resulting eventually in mobilization. This jam notably was pinned on a mid-channel boulder, had key pieces that touched both banks (spanned the channel), and included at least one key piece that was in situ, with its rootwad still resting on the floodplain. It is likely that the interaction between the wood in this jam and the channel boundary allowed the jam to withstand significant reorganization before finally mobilizing. In contrast, the jam on the South Fork Snoqualmie River experienced a significant loss of wood as soon as stage was high enough to float one of its key pieces (Supplemental Video 4, Figure 6). This jam, despite having a very stable right key piece, had a log only barely attached to its left side that was not pinned, interacting with bank material, or buried in sediment. These two cases show the importance of both hydrologic regime and variables describing the interaction between the jam and other features of the valley bottom.

Figure 5: Snapshots of time-lapse video showing a wood jam on the Cache la Poudre River in the Front Range of Colorado (40.622525, -105.800396) during snowmelt-drive peak flow of 2016. Upper left shows jam before snowmelt. Upper right shows jam after accumulating multiple large wood pieces. Lower left shows jam being overtopped along much of its width shortly before mobilizing. Lower right shows jam after mobilizing, during late summer low flow. Notice that the structure and composition of the jam changed significantly during the high flow before the jam mobilized. 
[image: ]

Figure 6: Snapshots of time-lapse video showing a wood jam on the South Fork Snoqualmie River in the Cascade Range of Washington (47.4105072, -121.5796509) during a rain driven peak flow in 2016. Upper left shows jam before high flow. Upper Right shows jam just before peak stage of high flow. Lower left shows jam during peak stage of high flow. Lower right shows jam after peak stage of high flow, shortly after the large log on the left side of the jam detached and was transported downstream.
[image: ]

	Considering that wood must be in transport upstream of the jam for it to be able to rack on the jam, whether a wood jam will accumulate wood is difficult to predict based on characteristics of the jam and its surroundings alone. However, it is likely that certain characteristics increase the likelihood of wood in transport racking on a jam. For instance, jams that are oriented perpendicular to flow, span the channel, occupy the thalweg (where wood is perhaps more likely to be transported), and are stable during a high flow may be more likely to accumulate wood than other jams. An example of this is shown by the jam mentioned above on the South Fork Snoqualmie River (Supplemental Video 4, Figure 7). During a series of rain and snowmelt driven high flows, wood racks onto the jam. As the wood racks against the key piece, which is oriented perpendicular to flow, the racked wood progressively becomes oriented more perpendicular to flow and contracts, resulting in a significantly lower porosity compared to the jam before the series of high flows.

Figure 7: Snapshots of time-lapse video showing a wood jam on the South Fork Snoqualmie River in the Cascade Range of Washington (47.4105072, -121.5796509) during a series of rain and snowmelt driven high flows in 2017. Upper left shows jam with minimal racked material and high porosity. Upper right shows jam as wood pieces begin to accumulate. Lower left shows jam as wood pieces continue to accumulate and contract as they are pushed into the key log. Lower right shows jam at low flow with newly racked pieces now oriented dominantly perpendicular to flow and with a resulting lower porosity than before this series of high flows. 
[image: ]
4. Database Summary and Limitations
	As of January 2018, the wood jam dynamics database consists of 206 wood jams that are either actively being monitored or have been monitored and no longer exist due to mobilization or sufficient change to be classified as a new jam observation. Of those 206, 113 have been monitored for more than one year and have been resurveyed. Of those 113, 31 have accumulated wood, 4 have compacted, 3 have lost wood, 5 have mobilized, and 72 have experienced no change. Thus far, we have been able to develop a model to predict only accumulation, of all possible change variables, because approximately 27% of jams have accumulated wood. Although this dataset is limited, it includes varying hydrologic regimes, bankfull channel dimensions, wood species (and resulting morphologies), planforms, and slopes, and currently only indicates a 36% rate of change across all wood jams. The dataset currently lacks data from very high energy, mobile systems (resurvey data from the Hoh River in Washington will be collected and added in late Summer 2018 to fill this gap); existing data may underestimate how often wood jams change during high flows. With few data for all modes of change (other than accumulation), it is difficult to make a reasonable predictive model without overfitting the data. Rates of wood jam mobilization vary strongly with river size and other conditions (Kramer & Wohl, 2016; Roni et al., 2015), but data thus far indicate that wood jam change is relatively infrequent, especially changes such as mobilization.
	The low rate of wood jam change during high flow is the primary motivation behind the collaborative data gathering scheme this combined dataset, model, and online user interface is designed to facilitate. Although we fully intend to make use of these tools to gather further monitoring data on wood jams over the next few years, a useful dataset requires that others utilize these tools and submit their own data to the database.
	One of the primary limitations of this database is that it suffers from a lack of random sampling. Ideally, all wood jams included in the database would be randomly sampled to ensure that they are an unbiased sample representation of all wood jams. Hence, the dataset will likely be biased towards jams that are of interest to those who use the database. However, the effects of this bias will likely be eventually ameliorated by a large sample size. Even at the current rate of monitoring, the database will reach over 1000 individual samples (i.e., a jam monitored over the course of a high flow season) in 4 years. As users submit data from various regions, we anticipate that the wide variety of environments and wood jam characteristics will compensate for the lack of random sampling.

5. Example Model: Predicting Wood Jam Accumulation
	With approximately 27% of monitored wood jams having accumulated wood, we were able to train and test a preliminary model to predict whether a wood jam will accumulate wood during a high flow. The full model used to predict accumulation included whether the stream was perennial, the jam was isolated within its reach, a floodplain was present, the jam touched a bank, the jam spanned the channel, key pieces in the jam extended above bankfull depth, and whether live wood was growing proximal to or on the jam, as well as bankfull depth, bankfull width, bedform, and planform. After model selection to choose the most parsimonious model, the reduced model included only whether the stream was perennial, bankfull width, bedform, and whether key pieces extended above bankfull depth. 
This model indicates, for example, that isolated jams are 5.6 times less likely to accumulate wood than jams with other wood nearby (90% confidence interval between 1.1 and 67.1). The reduced model had a median accuracy and kappa statistic of 0.77 and 0.42, respectively, while the full model had a median accuracy and kappa statistic of 0.75 and 0.38, respectively. This indicates that the reduced model is both interpretable and more effective than random chance at predicting the likelihood of accumulation. However, we note that the limited dataset on which this model was trained makes it likely inapplicable to a wide range of jams; more data is needed to make this model generally applicable for decision-making. 
Despite the inadequacies of this current model iteration, it does provide an example of how predictor variables can be interpreted in terms of their effects on wood jam dynamics. As the dataset grows, the model will likely become more valid and more readily interpretable. In addition, other models will be able to be run simultaneously to predict the probability of other types of change that thus far have not occurred often enough in the database to be modeled.
In a management context, a model like this one could be used to both provide a prediction of the probability of a given change for a wood jam during a high flow as well as provide an interpretable reason for that prediction. For instance, the model may predict that a new, small wood jam resting on a gravel bar in a wide, braided river may be unlikely to accumulate wood. This prediction, along with the interpretation provided by examining the effects of certain variables on the odds of a jam accumulating wood, may allow, for example, a user to redesign a wood jam to best meet project goals in terms of further accumulation of wood on that jam.
6. Conclusions
	We present a field data collection protocol, database, statistical model, and online user interface that facilitates collaborative data collection to describe wood jam dynamics in a variety of stream environments. Although we have provided justification for our choice of variables to include in the database, either from previous results, tests of reproducibility, or our observations of wood jam dynamics from time-lapse monitoring, this paper essentially poses hypotheses. Specifically, we hypothesize that an adaptive, evolving database and model paired with a reproducible data collection protocol will prove to be an effective tool for furthering understanding and prediction of wood jam dynamics. Even while its predictions will not always be accurate, its interpretability will facilitate the integration of model predictions with user expertise, leading to more effective management and understanding of wood jams in rivers. 
	Moving forward, we strongly encourage both investigators and practitioners to utilize this proposed data collection framework and submit easy to collect monitoring data to the database. In doing so, the database will continue to grow and support an increasingly more effective predictive model. At the same time, this database will likely prove a useful resource in quantifying factors such as wood jam longevity and expected natural characteristics of wood jams. We hope this will aid both investigators and policy-makers by both informing future research into the interactions between wood and fluvial geomorphology and policy that seeks to sustainably manage wood in rivers.	
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Tables
Table 1: All variables included in the wood jam dynamics database that describe wood jam characteristics and dynamics. These variables should be collected to run the wood jam dynamics model, and resurvey data should be collected to submit data to the database. Key piece refers to and wood piece that retains or holds up any other wood in the jam, not just the most stabilizing pieces. Measurements regarding channels relate solely to the channel the wood jam resides in, even if there are multiple channels across the valley bottom. We categorize measurements by whether they describe hydrologic regime (blue), channel geometry (brown), reach-scale valley bottom characteristics (red), the location and geometry of the jam (purple), and the physical characteristics of a jam (green). 

	[bookmark: _Hlk504727934]Measurement
	Possible Values
	Description

	river
	
	Full name of river

	jam #
	
	One number per jam in a stream. Do not repeat numbers used for mobilized jams.

	descriptive location
	
	Location relative to noticeable landmarks and position in channel (e.g., left or right bank)

	latitude
	
	Decimal degrees, e.g., “+/- ###.#########”

	longitude
	
	Decimal degrees, e.g., “+/- ###.#########”

	perennial?
	y, n
	yes if the stream experience surface flow year-round on an average water year

	flashy?
	y, n
	yes if high flow events characterized by rapid increases in flow such that the bankfull channel can go from a low or moderate flow stage to a high flow stage in less than 24 hours

	sustained peaks?
	y, n
	yes if high flow events are characterized by durations over approximately one week

	ice jams?
	y, n
	yes if in a typical water year, the river transports enough large ice pieces to cause ice jams in the reach surrounding the wood jam

	melt-driven?
	y, n
	yes if in a typical water year, high flows are driven by the melt of snow or glacial ice

	bankfull depth 
	meters
	bankfull depth that best characterizes the reach around the jam (see solid vertical line in confinement diagram below)

	bankfull width 
	meters
	bankfull width that best characterizes the reach around the jam 

	local slope
	%
	from above to below sediment wedge behind wood jam, or the slope that best characterizes the reach around the jam

	visual clast size 
	S, G, C, B, BR
	Visual estimate of dominant clast size on bed in reach surrounding jam: Sand [S] (<2mm), Gravel [G] (2-64mm), Cobbles [C] (64-256mm), Boulders [B] (>256mm), Bedrock [BR]

	bedform
	SB, PR, PB, SP, C
	from Montgomery and Buffington (1997): sand bed [SB], pool-riffle [PR], plane-bed [PB], step-pool [SP], cascade [C]

	planform 
	S, M, A, B
	Straight if one channel and sinuosity < 1.5 [S], meandering if one channel and sinuosity >1.5 and evidence of migration (point bars, cut banks) [M], anastomosing if multiple channels and vegetated islands [A], braided if multiple channels and non/sparsely vegetated islands [B].

	isolated?
	y, n
	yes if no wood surrounding jam within sight or 5 channel widths upstream/downstream, whichever is shorter

	in side channel?
	y, n
	yes if bulk of wood resides in a channel with approximately less than half the cross-sectional area at bankfull flow of the main channel)?

	floodplain present? 
	y, n
	yes if floodplain surface exists within valley near jam, no if no floodplain exists

	confined? 
	y, n
	[image: ]yes if the wetted width at 2x the bankfull stage is less than 1.5x the bankfull width, otherwise no:
[image: ]


	touches bed?
	y, n
	yes if any key pieces of jam touch the channel bed

	touches banks? 
	y, n
	yes if any key pieces touch channel bank

	touches floodplain surface?
	y, n
	yes if any key pieces of the jam contact floodplain surface (including woody vegetated bar tops in anastamosing channels)

	touches valley wall?
	y, n
	yes if any key pieces of the jam contact valley wall surface (including terraces and objects fixed to valley wall like trees, stumps, infrastructure, etc.)

	touches outer bend?
	y, n
	yes if any key pieces of the jam contact the outer bend of the channel. If no outer bend exists (e.g., straight channel) this must be no.

	touches inner bend?
	y, n
	yes if any key pieces of the jam contact the inner bend of the channel. If no inner bend exists (e.g., straight channel) this must be no.

	occupies thalweg?
	y, n
	yes if any key pieces are in or above the thalweg.

	channel spanning?
	y, n
	yes if any key pieces or a combination of multiple key pieces together touch both channel banks

	key pieces >15 degrees?
	y, n
	yes if any key pieces are at an angle over ~15 degrees relative to horizontal

	parallel orientation?
	y, n
	yes if the bulk of the jam longer (parallel to flow) than it is wide (perpendicular to flow)

	obstruction index (1-3)
	1-3
	[image: ]3: Can't see light coming through most of the jam. Creates backwater and flow through jam is heavily obstructed. Estimated porosity <25%. 2: Can see light coming through the jam, but you may not be able to see through the jam in all spots. Flow likely interacts with wood but still flows through. Noticeable change in water surface elevation from upstream to downstream side of jam. Estimated porosity 25-75%. 1: Can see through most parts of the jam. Water flows freely (or would flow freely at high flow) through jam. Large voids. Estimated porosity >75%.

	morphologically impactful?
	y, n
	yes if jam significantly impacted morphology around it (e.g., scour pools, bank erosion, deposited bars, sediment wedges)

	buried?
	y, n
	yes if any key pieces at least partially buried by sediment

	key pieces above bankfull?
	y, n
	yes if any key pieces of the jam extend above bankfull depth. If jam touches floodplain surface, this must be yes.

	fines?
	y, n
	yes if there are fine pieces of wood or sediment visible on/in the jam

	pinned?
	y, n
	[image: ]yes if any key pieces of jam are pinned on a relatively immobile object (e.g., large boulders, live and non-sapling trees, mid-channel bars that have been stabilized by vegetation, bridge piers, etc.)


	pinning object above bankfull?
	y, n
	yes if the object the jam is pinned on extends above bankfull depth. If jam is not pinned, this must be no.

	decay class
	1-5
	Scale paraphrased from Harmon et al. (2011). Most jams in rivers will be category 1-3, although some floodplain jams could be more decayed.
1: Sound, freshly fallen, intact logs with no rot, fine twigs attached with tight bark. 2: Sound log sapwood partly soft but can’t be pulled apart by hand, many fine twigs are gone and remaining fine twigs have peeling bark. 3: Heartwood is still sound with piece supporting its own weight, sapwood can be pulled apart by hand or is missing, wood color is reddish-brown or original color, only branch stubs are remaining which cannot be pulled out of log. 4: Heartwood is rotten with piece unable to support own weight, a metal pin can be pushed into heartwood, branch stubs can be pulled out. 5: There is no remaining structural integrity to the piece with a lack of circular shape as rot spreads out across ground, rotten texture is soft and can become powder when dry, wood color is red-brown to dark brown

	in situ?
	y, n
	yes if any of the key pieces of the jam are sourced from the banks directly adjacent to the jam

	rootwads? 
	y, n
	yes if any rootwads are attached to any pieces in the jam

	live wood?
	y, n
	yes if live woody vegetation is growing on or touching the jam, including any woody vegetation that is utilizing the jam as substrate to grow, growing through the jam, or growing proximal to the jam and touching it (e.g., if the jam is pinned on or bordered by live wood).

	multi-trunk?
	y, n
	yes if any key pieces of jam have multiple trunks (common in species such as cottonwood, maple, etc.)

	survey picture time
	24 hour format
	Used to reference photographs taken of jam for use in detecting change during resurveys

	date of survey
	YYYY/MM
/DD
	Used to put resurvey data in context, if resurvey data is provided

	resurvey picture time
	24 hour format
	Used to reference photographs taken of jam for use in detecting change during resurveys

	date of resurvey
	YYYY/MM
/DD
	Used to put resurvey data in context, if resurvey data is provided

	qualitative magnitude of high flow
	below, near, or above bankfull
	optional: the qualitative magnitude of high flow can be estimated during a resurvey using geomorphic and vegetation markers of recent peak flows

	quantitative magnitude of high flow
	cms
	optional: the quantitative magnitude of high flow can be estimated from nearby flow gage data during the period between surveys

	mobilized?
	y, n
	yes if upon resurvey, wood jam is found to be either no longer a jam (lost enough pieces to be less than 3 pieces touching) or completely gone from its initial position

	lost wood?
	y, n
	yes if large wood pieces observed in the initial survey are unable to be located in the resurvey

	accumulated wood?
	y, n
	yes if new large wood pieces are observed in the resurvey that were not present in the jam in the initial survey

	contracted?
	y, n
	yes if the volume of the jam decreased noticeably apart from any loss of wood

	expanded?
	y, n
	yes if the volume of the jam increased noticeably apart from any accumulation of wood
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