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Forest degradation leads to the gradual reduction of forest carbon stocks, function, and biodiversity following anthropogenic disturbance. Whilst tropical degradation is a widespread problem, it is currently very under-studied and its magnitude and extent are largely unknown. This is due, at least in part, to the lack of developed and tested methods for monitoring degradation. Due to the relatively subtle and ongoing changes associated with degradation, which can include the removal of small trees for fuelwood or understory clearance for agricultural production, it is very hard to detect using Earth Observation. Furthermore, degrading activities are normally spatially heterogeneous and stochastic, and therefore conventional forest inventory plots distributed across a landscape do not act as suitable indicators: at best only a small proportion of plots (often zero) will actually be degraded in a landscape undergoing active degradation. This problem is compounded because the metal tree tags used in permanent forest inventory plots likely deter tree clearance, biasing inventories toward under-reporting change. We have therefore developed a new forest plot protocol designed to monitor forest degradation. This involves a plot that can be set up quickly, so a large number can be established across a landscape, and easily remeasured, even though it does not use tree tags or other obvious markers. We present data from a demonstration plot network set up in Jalisco, Mexico, which were measured twice between 2017 and 2018. The protocol was successful, with one plot detecting degradation under our definition (losing greater than 10% AGB but remaining forest), and a further plot being deforested for Avocado (Persea americana) production. Live AGB ranged from 8.4 Mg ha–1 to 140.8 Mg ha–1 in Census 1, and from 0 Mg ha–1 to 144.2 Mg ha–1 Census 2, with four of ten plots losing AGB, and the remainder staying stable or showing slight increases. We suggest this protocol has great potential for underpinning appropriate forest plot networks for degradation monitoring, potentially in combination with Earth Observation analysis, but also in isolation.
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INTRODUCTION

The world’s forests are undergoing rapid and widespread changes (Lewis et al., 2015), therefore it is vital to collect suitable empirical data to monitor these changes. Deforestation – the clearance of forest and conversion to another land use – is reasonably well understood and monitored. Long term datasets are provided by the FAO’s Forest Resource Assessments, produced every 5 years since 1980 (e.g., FAO, 2010, 2015), and independent satellite-based programs such as Global Forest Watch (Global Forest Watch, 2014) disseminate annual 30 m resolution deforestation data from Hansen et al. (2013). However, forest degradation – the removal of trees causing a reduction in Aboveground Biomass (AGB) and ecosystem services within forested land – is still very poorly quantified. There is wide disagreement on the area of forest impacted annually, including an order of magnitude uncertainty in the annual amount of carbon released (Bustamante et al., 2016; Baccini et al., 2017; De Andrade et al., 2017; McNicol et al., 2018; Mitchard, 2018).

Improving our knowledge of both the rate and extent of forest degradation is now a pressing issue. Some estimates suggest that up to 70% of tropical forest carbon emission could be coming from degradation (Baccini et al., 2017), and the area affected by degradation annually is up to 10 times greater than the area affected by deforestation (Herold et al., 2011), however, these estimates have very large uncertainties (Mitchard, 2018; Bullock et al., 2020). At a regional scale, recent estimates across the Amazon basin suggest that since 1995 the land area effected by degradation was the same as that affected by deforestation (Bullock et al., 2020). Degraded landscapes are also at the forefront of land use change, with degradation often a precursor to deforestation (Pinheiro et al., 2016), making it important to understand where this phenomena is happening. Furthermore, under the United Nations Framework Convention on Climate Change (UNFCCC) countries are now required to report emissions from forest degradation (UNFCCC, 2009; Pistorius, 2012; UNFCCC, 2015; Mitchell et al., 2017), meaning that suitable methods for estimated both the area and carbon released from degradation are essential.

Forest degradation is a much more challenging process to understand than deforestation for a number of reasons. Firstly there are many types of degradation, each with their own associated changes in carbon and ecosystem services, from very minimally disturbed forest (e.g., removal of small trees for fuelwood) to very heavily disturbed forest (e.g., industrialised selective logging which removes large trees through the use of bulldozers and leaves large skid trails, Vásquez-Grandón et al., 2018). Secondly, forest degradation is a gradual process, with repeated degradation events possible on the same piece of land. Thirdly, many degradation processes occur at very small spatial scales and are very spatially heterogeneous (Pinheiro et al., 2016). Therefore degradation has both spatial and temporal dynamics which need to be quantified (Ghazoul et al., 2015). Finally, forest degradation can be a sub-canopy process (e.g., clearance of understory trees for agricultural production), and thus effectively invisible to most Earth Observation data, and even potentially to conventional forest inventories which may only measure larger trees (typically > 10 cm diameter).

Such complexities in the causes and severity of forest degradation make it a difficult process to even define (Vásquez-Grandón et al., 2018). Indeed it has been suggested that there are over 50 working definitions of degradation (Simula, 2009), including those used by many international organisations, including the Intergovernmental Panel on Climate Change (IPCC), the Food and Agricultural Organisation (FAO), and the United Nations Environment Programme (UNEP; Sasaki and Putz, 2009). These varying definitions reflect differences in ecological characteristics as well as differences in objectives for monitoring and policy making (Ghazoul et al., 2015). The recent Methods and Guidance from the Global Forest Observations Initiative (FAO, 2020) states that ‘for reporting on REDD+, carbon stock is the primary value under consideration, so degradation is interpreted as processes leading to long term loss of carbon without land use change’. Therefore, whilst some more recent definitions only consider changes in carbon stocks as measures of degradation, there are also important considerations regarding changes in biodiversity that can result from degradation.

The relatively subtle changes in forest structure associated with degradation make it particularly challenging process to monitor and quantify using remote sensing. Traditional optical remote sensing techniques are often not suitable; understory forest clearance cannot be observed from satellites. Canopy openings following selective logging are challenging to detect, and do not persist for long periods, meaning the time window for detection is short (or non-existent if cloud cover persists over that period). These issues with remote sensing establish the need for ground based data to monitor forest degradation (Herold et al., 2011), either as a sole data source, or at minimum as a trusted ground truth for developing and testing more complex, active, remote sensing methodologies.

Forest plot networks, which use permanent sample plots (PSPs), are a well-established method for monitoring long-term changes in forest dynamics, such as carbon source and sink dynamics (Lewis et al., 2013; Brienen et al., 2015), responses to drought (Fauset et al., 2012), changes in species composition (Sullivan et al., 2017) and the effects of climate change (Esquivel-Muelbert et al., 2019). Furthermore, PSPs are vital for calibration and validation of remote sensing products, which are needed for monitoring forest changes at larger spatial scales (Chave et al., 2019). Due to the gradual nature of forest degradation, PSPs are the only means of monitoring changes on the ground accurately as losses of individual trees need to be observed. There are well-established field protocols for establishing plot networks, such as the Rainfor (Phillips et al., 2009) and ForestGEO protocols (Condit, 1998), and databases for storing and automating the processing of such data, such as the ForestPlots.net database (Lopez-Gonzalez et al., 2011). These methods have successfully been used to set up large plots networks across the globe, e.g., ForestPlots.net archives nearly 3500 plots, across 53 countries, from which thousands of scientific papers have been developed.

However, whilst these existing field protocols have yielded many important findings, they have limitations, which mean they are not ideally suited for monitoring degradation. Firstly, many existing PSP protocols focus on intact or protected forest rather than disturbed forest, meaning that many existing plots are not in suitable locations for monitoring degradation (Condit, 1998). Furthermore, it is often the case that if plots that were established in intact forest undergo disturbance, then they are excluded from future census as they are no longer useful for studying undisturbed forest (e.g., Lewis et al., 2009). However, these disturbed plots are critically required within networks to understand degradation. Secondly, the permanent marking of trees can be a deterrent to the normal behaviour of people living in and utilising forest resources (Campbell et al., 2011). To have an unbiased assessment of degradation requires no alteration in the way people or industry use the forest. Thirdly, standard 1 ha plots are demanding to set up and remeasure, estimated at approximately 22 person days per plot to lay out a plot then measure, paint, and tag all the trees. Further, if botanical samples need to be collected to establish a full tree species information, a single plot can take up to 48 person days to be measured (Phillips et al., 2009). As degradation only occurs over a small proportion of a forest area in any one year (rather than over a large or entire area as with deforestation or as the response of forests to climate change), plot networks need a high density of plots to reliably capture some degradation events. Thus for a given budget, a quicker, less demanding protocol would allow a larger area of forest to be sampled and monitored for degradation events.

An additional consideration when monitoring forest degradation is the placement of forest plots. Typically, field protocols encourage randomly distributing forest plots across the landscape (e.g., Phillips et al., 2009). However, in the case of forest degradation this may not be appropriate. For example, if you had a forest area of 2500 ha, of which 5% was degraded between two census intervals, which represents a high rate of degradation (125 ha degraded in total), and you were able to establish 10 × 1 ha plots (due to budgetary and time constraints), then just 0.4% of the forest area would be sampled. If these plots were randomly located across the landscape, the likelihood of degradation going undetected, would be high, as approximately 60% [probability of not encountering degradation = 1-(1-0.05)10 = 0.40]. Moreover, it is rather unlikely that a field campaign could sample even 0.4% of a forest area if larger than our theoretical example. For example, the Mexican National Forest Inventory (NFI), has extensive coverage with 26,220 plots covering 4,200 ha, however, this only covers 0.01% the total forest area in Mexico (CONAFOR, 2015). It might be thought that this problem could only be solved through just increasing the number of plots, or going straight to remote sensing: but this is not the case as the distribution of forest degradation across the landscape is not random. Higher instances of degradation are seen in closer proximity to access points such as along forest edges or roads (Chaplin-Kramer et al., 2015; Brinck et al., 2017). Indeed, the presence of logging roads has been used as a proxy for forest degradation (Bryan et al., 2013). Therefore, the low probability of encountering forest degradation if using a traditional field protocol that employs a random plot design, alongside the non-random distribution of degradation events, suggests that plots used to monitor forest degradation should be located non-randomly across the landscape. Such plots to monitor forest degradation should have sampling biased toward areas at higher risk of degradation, to increase the chances that a plot is degraded for a given number of plots.

Locating degradation plots non-randomly can help to detect degradation within an area. However, the challenges of estimating the level of degradation and scaling this to the landscape remain. There are a number of potential solutions. Firstly, such plots could be used as an indicator, simply to detect the unequivocal presence or absence of degradation in an area, rather than to estimate actual percentage or carbon stock change rates of forest degradation. Secondly, a simple stratification of the forest based on distance from access points (e.g., along roads or forest edges, Chaplin-Kramer et al., 2015), with more intensive sampling carried out closer to access points where there is a higher likelihood of degradation, could be used to scale up rates of change between high and low risk areas. And thirdly, the change in these field plots could be used to train remote sensing based mapping of forest degradation, which can then scale across the landscape: unlike when using normal plots for training, the higher percentage chance of having degradation events in the plots makes these plots more useful for training and testing remote sensing change algorithms.

To address this need for a forest PSP protocol specifically designed for monitoring forest degradation we created the ‘Forest Degradation Permanent Sample Plot Protocol’ (hereafter Degradation PSP Protocol), which we trialled in a forest area undergoing degradation in Jalisco State, Mexico. Here we describe this protocol and present findings from our demonstration plot network.



METHODS


Protocol Design Overview

The full protocol is included in the Supplementary Information, and the justification for decisions made is described in the following section. For ease, we describe the protocol in brief here:

The aim of the “Degradation PSP protocol” is to accurately quantify ground level temporal changes in AGB and forest structure following degradation and to identify the mode of degradation. Thus, this protocol uses PSPs, rather than single census plot data, which allows individual trees to be followed through time to (1) estimate AGB in census 2 as a function of census 1, and (2) identify any individuals that died between census 1 and 2 and determine the cause of mortality. We define degradation as; “The loss of AGB due to anthropogenic disturbance from an area defined as forest, that remains as forest after the disturbance,” therefore we principally consider changes in AGB, however, the protocol we present could be applied more broadly to assess changes in biodiversity as well. Permanent sample plots are established in forested areas currently undergoing degradation or under pressure from degradation. The location of plots should follow a selective sampling approach, with areas closer to sources of disturbance that have a higher risk of degradation having a larger number of plots (Figure 1 and explained in detail in “Sample Design and Plot Layout” section below).
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FIGURE 1. Diagram of stratified sampling design, showing sampling zone 1 (points), zone 2 (vertical hash), and zone 3 (diagonal hash). Sampling intensity decreases from zone 1 to zone 3. (A) Degradation risk stratification – showing higher sampling along road and close to community where there is a higher risk of degradation. (B) Local Knowledge stratification – showing higher sampling within logging area, along logging access road and surrounding logging area. (C) Combination stratification – using a combination of strategy A and B to stratify sample area.


The degradation PSP protocol uses a long narrow (25 m × 200 m) transect style plot of 0.5ha, consisting of 20 sub-plots (12.5 m × 20 m; Figure 2A). Once the start point of a plot is decided, a 200 m transect line is laid out along the centre of the plot. Two sub-plots are measured every 20 m along the plot, one sub-plot to the left of the central line (0 m to 12.5 m) and one sub-plot to the right of the central line (12.5 m to 25 m; Figure 2A). GPS coordinates should be collected at every plot corner and every 20 m along the central line to aid in relocation of the plot in subsequent census (Figure 2A).
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FIGURE 2. (A). Degradation plot layout, with sub-plot numbers inside boxes. Red crosses show location of points where GPS data should be collected. (B). Diagram explaining how to record XY coordinates of individuals in sub-plots. Dashed line shows point where XY coordinate should be taken (at centre of trunk). (C). Table shows XY Coordinates for trees 1–7 in diagram.


For each individual within a plot the following information must be collected; diameter at breast height (DBH), height, XY coordinates, species ID, condition of stem, e.g., anthropogenic or other damage to stems, such as snapped stems. Data collected in plots is used to estimate changes in AGB between census intervals. The measurement of irregular trees (e.g., trees with buttress roots, deformities, leaning or multi-stemmed trees) follows the conventions of the Rainfor protocol (Phillips et al., 2009) for consistency with other PSP networks and is describe in the Supplementary Information. XY coordinates are measured to the centre of the trunk to the nearest 10cm (Figures 2B,C).



Protocol Rational


Criteria for Plot Establishment

To ensure degradation events are captured the criteria for plot establishment is different to standard scientific forest inventory plots (which are typically large and square/circular to reduce edge effects, with permanently marked trees, and away from potential human disturbance). In this protocol we have moved away from these conventions for the following reasons:


1.Due to the heterogeneous and non-random distribution of degradation events, using a fully randomised sample design is inappropriate for this protocol. Rather, for plot networks to detect degradation, they must be deliberately biased toward areas at higher risk of degradation. Therefore, plots are located in areas likely to undergo or actively undergoing anthropogenic disturbance. This includes all the potential drivers of degradation operating in the region in question, e.g., selective logging of timber, clearing of trees for fuelwood, removal of sub-canopy trees for agricultural expansion (such as shade grown coffee or cacao), harvesting of non-timber forest products, or slash and burn agriculture. Typically such activities take place nearer to villages, agricultural areas, roads or paths, therefore, the degradation PSP protocol uses a selective sampling arpproach with a higher number of plots located closer to likely sources of disturbance (see ‘Sample Design and Plot Layout’).

2.Plots must be quick to measure. The reasons for speed being critical are two-fold:

(a)Due to the spatial heterogeneity of forest degradation, it is unlikely that each individual plot will be disturbed within a census interval. Thus, it is important to establish a large number of plots so a reasonable number may be disturbed. Ideally, a field team should be able to create 1–2 plots per day, or between 20 and 40 plots per month, once accounting for breaks and travelling.

(b)The presence of researchers and field teams within a plot for a number of days may reduce the likelihood of local people entering the area and conducting degrading activities as normal. Data collection should not lead to any bias in land use or harvesting activities.

3.Stems in plots must not be permanently marked or tagged (for the same reason explained in 2.b), but it must be possible to relocate each stem, so individuals can be tracked through time. For this reason, trees must be carefully located and mapped so individuals can be relocated in any subsequent census.

4.Plots must be large enough to be useful for calibration and validation of earth observation data (typically at least 0.5 ha) and to provide unbiased AGB estimates (e.g., Mitchard et al., 2011). Remote sensing is essential for mapping the extent of forest degradation, therefore, any field protocol must ensure plots have the dual purpose of monitoring changes on the ground and calibrating earth observation data (Chave et al., 2019).





Sample Design and Plot Layout

Within areas under threat of degradation, there are several land use transitions that could occur between census 1 and census 2, and researches will not know what transition will take place a priori (Table 1). For example, if a plot is undisturbed in census 1, it either could have been left undisturbed or have undergone degradation by census 2. As the aim of this protocol, it to quantify ground level changed resulting from degradation it is necessary to bias sampling toward areas at higher risk of degradation to increase the likelihood of capturing degradation within the PSP network. To fulfil this objective the Degradation PSP protocol uses a selective sampling strategy with a larger number of plots located in areas at higher risk of degradation. Traditional selective sampling strategies, where researchers locate plots based on knowledge of the area, suffer from a lack of randomness (Speak et al., 2018). Therefore, we incorporate stratification into the sampling strategy to introduce randomness (Michalcová et al., 2011).


TABLE 1. Possible land use transitions between census 1 and census 2 and the direction of change in AGB between census, within landscapes that are undergoing degradation or are under threat of degradation Flat arrow = no change in AGB, downward arrow = decreasing AGB, upward arrow = increasing AGB.

[image: Table 1]Stratification is done by creating buffer zones around areas either (1) undergoing or (2) at risk of degradation. Within each strata, plots should be randomly distributed. Stratification in areas undergoing degradation is based on local knowledge of an area, and where degradation is known to be underway. A higher number of plots are located in core areas where degradation is underway, as the distance from areas undergoing degradation increased the number of plots decreased. Whereas stratification around areas at risk of degradation is determined by the proximity to access points such as; roads, forest edges, or distance to communities. A higher number of plots are located in areas immediately adjacent to access points, as the distance to access points increased the number of plots decreased (Figure 1). Conceptually, the sampling strategy proposed here is similar to a full-stratified random sample; however, it is not based on prior knowledge of the observed variance among strata, but rather is based on the knowledge of researchers and the likelihood of degradation taking place. Whilst a selective sampling strategy reduces the ability to make statistical inferences from the data, it enables you to capture the phenomena of interest (here degradation) more thoroughly (Michalcová et al., 2011).

This protocol uses a long narrow plot (Figure 2A), which helps reduce the time needed for plot measurement as field teams can move along the plot (laying out and measuring sub-plots) as they collect data, and remove any markers as they go. This shape of plot has been widely used in logging sites in parts of Africa (Cameroon, Central African Republic, and Republic of Congo; Fayolle et al., 2012; Ouédraogo et al., 2016), and has been used successfully to ground truth remote sensing products for mapping AGB (Mitchard et al., 2011) and therefore is appropriate for use in degraded tropical forest. Long narrow plots do have increase edge compared to equivalent sized square plots; however, by tracking individual stems through time using XY coordinates and making careful decisions as to whether trees are “in” or “out,” the impacts of increased edge are mitigated. We do not doubt that square plots would produce slightly more reliable estimates of AGB (due to lower edge effects) and would be better for matching to remote sensing pixels, however, those benefits do not, we believe, outweigh the costs of the additional time needed to set up the plots.



Diameter

As a minimum, all stems ≥10 cm DBH should be measured at 1.3 m. The minimum DBH should be set based on local conditions; in forests that store a higher proportion of AGB in smaller stems the minimum DBH threshold should be lower. For example, in the tropical dry forests of the Yucatan peninsula, Mexico, >30% of AGB is found in stems <10 cm DBH; in disturbed forests the AGB in small stems can increase to 80% of total AGB (Read and Lawrence, 2003; Romero-Duque et al., 2007), therefore a minimum DBH of 5cm DBH would be more appropriate. Furthermore the type of degradation should be considered when deciding on a minimum DBH, processes such as selective logging primarily target large trees >50 cm DBH (Peña-Claros et al., 2008), whereas other processes such as fuelwood extraction focus on smaller stems (Pote et al., 2006). Understanding of local pressures is important to ensure degrading activities are captured within PSP networks.



Height

Whenever possible the height of all stems should be measured, as degradation causes disturbances which may not results in the complete removal of an individual stem. For example, selective logging can cause substantial damage to the residual forest stand; Matangaran et al. (2019) found that following selective logging in Indonesia up to 31% of residual stand damage was from broken stems. Broken stems may not be immediately committed to mortality; however, changes in stem height must be measured to estimate the AGB contained in the downed portion of the stem as this represents committed future emissions (Ribeiro et al., 2016). Whenever possible the height of all trees should be measured, because we specifically expect negative changes in tree heights to be part of the degradation signal. Note, this is different to the scientific inventory approaches (e.g., Rainfor, Phillips et al., 2009), where it is acceptable to use DBH and species only (relying on DBH:height allometric equations to estimate height), or measure a subset of stems and develop a local DBH:height relationship. However, in some instances we accept that measuring height of all trees may not be possible. In these cases a subset of trees that cover the full range of DBH values should be measured and a locally derived DBH:height allometry should be developed (see Supplementary Information).



Identifying Mode of Degradation

To identify the mode of degradation within plots every stem is given a tree code, which gives information about either the condition of a stem when alive, or the mode of death for any dead stems. Tree codes are adapted from the Rainfor protocol (Phillips et al., 2009) and include codes for cutting, fires damage or broken/snapped stems (see Supplementary Information).



Plot Relocation and Remeasurement Frequency

In census 1 each plot has GPS coordinates collected at each corner and every 20 m along the plot (n = 15 per plot), to enable relocation of the plot. To improve the accuracy of GPS coordinates we recommend using a waypoint averaging technique, which continuously collects GPS coordinates over a set time period (we use a 5 min time period) and takes the average of all points. To relocate individuals in PSPs, stems must be identifiable so they can be tracked through time. Typically, permanent markers such as tree tags are used. However, to avoid influencing the normal use of forest areas by permanently marking stems instead this protocol records XY coordinates of all stems. Each stem is given an XY coordinate, which is used to produce plots maps showing the location of every stem in relation to one another, so the growth, mortality and recruitment of stems can be tracked over time (code to produce plot maps is provided in the Supplementary Information). The combination of a large number of GPS coordinates, plot maps based on XY coordinates, in addition to DBH, height, and species data, enables the reliable re-location of plots and each individual stem (or a categorical decision made that the stem has been removed between the two censuses).

Due to the gradual and ongoing nature of forest degradation a relatively high remeasurement frequency is preferable. We recommend remeasurement of plots every one to two years and no longer than every four years. The longer the interval between census, the more unobserved growth and mortality of individuals (Talbot et al., 2014) will occur. This is particularly problematic in areas undergoing severe degradation, which may lose large numbers of trees, making relocation of individuals (and thus the whole plot) challenging. Logistical and financial limitations could mean remeasurement of PSPs every year is impractical. However, to accurately monitor degradation PSPs must be remeasured to observe changes. If project resources are limited then it is essential that funds are evenly distributed across the full project duration: much better to measure 50 plots every two years of a 4-year project, than 75 plots only at the beginning and end.



DEMONSTRATION PLOT NETWORK


Study Site

A demonstration plot network was established in the Sierra de Tigre region of Jalisco, Mexico (Figure 3) to trial the degradation PSP protocol. Sierra del Tigre is a mountain range (1200–2400 m elevation) covering 1595 km2, with sub-tropical coniferous forest dominated by pine (Pinus spp.) and oak (Quercus spp.) trees (Figure 4A). Climate is seasonally dry with mean annual precipitation of 600–1600 mm yr–1 and a pronounced dry season between February and May. Sierra del Tigre has experienced widespread forest loss since the 1960’s due to the exploitation of forest resources for pulp and paper production (Noruzi and Vargas, 2009). However, in the past ten years forest loss in Jalisco has been linked to the rapid expansion of Avocado (Persea americana) plantations, which have increased from 10,900 ha to 23,700 ha since 2011 (USDA, 2012, 2019), a mean annual increase of 1,400 ha yr–1.
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FIGURE 3. (A) Location of Jalisco state in Mexico (B). Location of the Sierra del Tigre study site within Jalisco, and (C). location of degradation plots (red points) within Sierra del Tigre.% forest cover for the year 2010 across Mexico taken from Hansen et al. (2013).
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FIGURE 4. (A) Healthy Pine/Oak forest in Sierra del Tigre, Jalisco. (B) Dead pine trees (Pinus spp.) infected by Dendroctonus spp. in Sierra del Tigre.


In recent years, degradation has been linked to forest fires (Marín et al., 2018), which are common during the dry season in central Mexico and an outbreak of bark beetles (Dendroctonus spp.) that has caused widespread mortality of pines (Figure 4B). Sierra del Tigre is within a high risk zone for beetle outbreaks (Salinas-Moreno et al., 2010). Such outbreaks of beetles are particularly common in weakened forest stands following both natural and anthropogenic disturbances including; fire, drought, logging and land-use change (Salinas-Moreno et al., 2010), therefore the presence of these stress factors in Sierra del Tigre increases the likelihood of beetle outbreaks. Tree mortality in this zone is related to both death of infected trees and from management interventions, which involve cutting infected trees to prevent the spread of the disease, causing further widespread degradation.



Sample Design and Data Analysis

A trial network of ten plots (25 m × 200 m; 0.5 ha per plot) was established in Sierra del Tigre following the protocol described above, between September 2017 and December 2017 (Census 1). Plots were located at random within areas that were known to be experiencing degradation (equivalent to zone 1 stratification in Figure 1). These plots were measured again between October 2018 and December 2018 (Census 2), with a mean census interval of 1.04 years. All trees ≥10 cm DBH were measured, identified to species and given an X and Y coordinate used for relocation. Plot data was used to estimate AGB using the equation from Chave et al. (2014).
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where ρ = Wood density (g cm3), DBH = Diameter (cm), H = Height (m). For each individual the species-specific wood density (n = 6) was obtained from the global wood density database (Zanne et al., 2009), where species-specific wood density was unavailable, genus mean wood density (n = 22), or plot mean wood density (n = 6) was used. Whilst we recommend measuring the height of every individual in plots, we were unable to do this in the demonstration plot network, due to time constraints and the relatively high stem density. However, due to the type of degradation in Sierra del Tigre (mortality from fire and pests), we do not believe this is a problem, as we would not expect reductions in tree height from broken stem, as would be expected following other forms of degradation, such as selective logging. For each plot we measured the height of ten individuals in each of the following size classes; 10–20 cm DBH, 20–40 cm DBH, and >40 cm DBH (n = 290). To predict the height of every individual, we developed a local height: DBH allometric model by fitting different linear and non-linear regression models to measured height data. We selected the height: DBH allometric model with the lowest Akaike’s Information Criterion (AIC) and Root-mean-square error (RMSE). We found the best-fit model was (Figure 5);
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FIGURE 5. Height (m) and DBH (cm) of measured trees in Sierra del Tigre, showing best-fit model (red line).


When available, measured height was used to estimate AGB, otherwise Equation (2) was used to predict height.

Errors in plot level AGB estimates were propagated using the AGBmontecarlo() function in the BIOMASS package in R (Maxime et al., 2017), this accounts for tree level measurement errors in DBH, height and wood density, and errors in the allometric model used to estimate AGB. Error propagation gave a 95% confidence interval for plot level AGB estimated in Census 1 and Census 2, and for AGB change. Forest structural metrics including basal area (BA, m2 ha–1), mean DBH (cm), mean tree height (m), and stem density (stems ha–1) were also calculated per plot. To understand forest dynamics we estimated above-ground woody productivity (AGWP) by summing the change in AGB between Census 1 and Census 2, plus the AGB of newly recruited stems in Census 2, and divided by the census interval (1) (Talbot et al., 2014). We also estimated tree mortality by summing AGB of stems alive in Census 1 that were dead by Census 2, and dividing by census interval (2) as below.

[image: image]

where: AGBΔ = AGB Change (Mg ha–1) between C1 and C2, AGBnew = AGB in new stems (Mg ha–1) in C2, AGBdead = AGB of live stems (Mg ha–1) in C1 dead by C2, and CI = census interval (years).



RESULTS


Data Collection and Relocation of Trees

As a proof of concept for this methodology, ten plots were established in Sierra del Tigre following the degradation PSP protocol. Using a combination of GPS coordinates and plot maps (Figure 6), which showed location of individuals, DBH, tree condition and other census data such as species, individual trees could be tracked across censuses without the need for permanent markers (Figures 7A,B). We were successfully able to relocate all plots with the exception of plot 6, which was clear-cut for Avocado production, and therefore access was prohibited. As this plot was clear-cut, we assumed a total loss of trees and AGB and classed it as ‘deforested’ for analysis. Figure 6 shows an example plot map for plot 8, plot maps showed a large number of trees damaged and in poor health due to fire in Census 1. By Census 2 many of these trees were dead and had been felled (Figures 7C,D). Plot data was collected by FIPRODEFO in Census 1 and Census 2. However, different field teams were used for each census, suggesting that individual trees could be identified using plot maps and previous census data, and that the same field technician is not needed to successfully relocate plots.


[image: image]

FIGURE 6. Example map of plot 8 in census 1 and census 2, showing live trees in census 1 and degradation in census 2. Maps show location of trees within plot, colours show condition of individual trees, size of point shows DBH (cm). Figure is not to scale.
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FIGURE 7. The FIPRODEFO field team (A) measuring forest plots following the degradation PSP protocol and (B) using plot maps to relocate individual trees. Plot 8 in census 2 showing (C) standing live stems damaged by fire and stumps and (D) trunks of cut stems.




Changes in Plot AGB and Structure

Live AGB in Census 1 ranged from 8.4 Mg ha–1 to 140.8 Mg ha–1, by Census 2 live AGB ranged from 0 Mg ha–1 to 144.2 Mg ha–1 (Table 2). Above-ground biomass reduced in four of the ten plots, notably the plot with the highest AGB in Census 1 (plot 6) was clear felled for avocado production, losing 140.8 Mg ha–1 (Table 2). In the three remaining plots (plot 2, 8, and 9), AGB loss ranged from 3.7 to 16.5 Mg ha–1 between Census 1 and 2, or a proportional AGB loss of between 4.2 and 42.7% (Table 2).


TABLE 2. Plot structural metrics in Census 1 (2017) and Census 2 (2018) in Live stems, AGB change and AGB% Change between Census 1 and Census 2, and plot status (Gain = AGB increase, Loss = AGB decrease).

[image: Table 2]The loss of AGB in plots 2, 8, and 9 was linked to a reduction in basal area by an average of 1.4 m2 ha–1 and a reduction in stem density by 35 stems ha–1 between Census 1 and 2 (Table 2). Despite reductions in BA and stem density, mean DBH and height both increased between Census 1 and 2, suggesting reductions in stem density were related to smaller stems dying or being removed (Table 2). In six of the ten plots AGB increased by an average of 4.0 Mg ha–1, or a 4.2% increase in AGB. Once the effects of mortality were accounted for, AGWP – i.e., the woody production of stems alive in both census plus newly recruited stems – was 4.5 Mg ha–1 yr–1 (± 1.9, 95% CI).

The forest of Sierra del Tigre had already experienced disturbance prior to plot establishment. In Census 1 there was an average of 57 (± 48) standing dead trees ha–1, containing a mean AGB of 5.8 Mg ha–1 (± 4.4), this assumes no decomposition of standing dead stems and therefore is likely to be a slight over-estimate of AGB. However, as these were standing rather than downed dead stems it is unlikely that they were very heavily decayed (these stems were not re-measured in Census 2). Based on tree codes used to assess mode of death, fire was by far the dominant cause of death with 84.3% of standing dead stems killed due to fire. An average of 18 stems ha–1 died between Census 1 and Census 2, with a mortality of 4.5 Mg ha–1 yr–1 (±3.7, i.e., the mean AGB loss per ha from stems that died between Census 1 and Census 2).

In Census 1 the frequency distribution of stems exhibited an inverse J shape, typical of less disturbed forests (Figure 8). By Census 2 the plots which had gained AGB (i.e., had not been disturbed, n = 6) had some changes, with a reduction in small stems (10-20 cm) of 24%, however, the frequency distribution still exhibited an inverse J shape. By contrast, in plots that had lost AGB (i.e., degraded plots, excluding the deforested plot, n = 3), there was a big change in frequency distribution by Census 2, with the number of small stems (10-20cm) reducing by 75% and the number of stems in size classes 20-30 cm, 30-40 cm, and >40 cm reducing by 49%, 53%, and 28%, respectively (Figure 8). Meanwhile the deforested plot had lost all stems.
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FIGURE 8. Frequency distribution of stems (ha–1) in census 1 and 2 for plots that gained AGB (undisturbed plots), plots that lost AGB (degraded plots) and the deforested plot (Plot 6). Deforested plot (Plot 6) was separated from other AGB loss plots as it represented total deforestation rather than degradation. Error bars show 95% confidence intervals.




DISCUSSION

We have presented a new protocol for forest plots, specifically designed for detecting forest degradation. We successfully trialled this protocol in forests undergoing degradation in Mexico. Using GPS coordinates and accurate plots maps (e.g., Figure 7), it was possible to relocate the plots and trees successfully despite the lack of tree tags. We detected both deforestation and forest degradation occurring in plots between censuses, as well as observing finer scale changes in forest structure and growth in the non-disturbed plots. Different field teams carried out Census 1 and Census 2, suggesting that the ability to remeasure plots was not due to field teams being familiar with the site, but rather that plot maps provided sufficient information for successful remeasurement. In more heavily degraded plots or following a longer census interval, relocating unmarked plots will be more challenging. However, our data suggest that an experienced field team should be able to relocate plots even following extreme degradation: plot 8 lost 70% of its stems between Census 1 and Census 2, and field teams were still able to successfully relocate individuals. Based on this case study, we believe our methodology could be applied more widely in other forest types with no or minimal adjustments.

The main benefit of this protocol is the speed of establishment, which was about half a day per plot with a team of 5–6 people (3 person days). This is much quicker than other PSP protocols, which require much more time for laying out of the plot, tagging and painting trees, such as the Rainfor protocol, which takes up to 11 person days to establish an equivalent sized 0.5 ha plot, nearly 4 time longer than the protocol described here (Phillips et al., 2009). As we found only three of the ten plots lost AGB, this reduction in the speed of establishment is important as it means more plots could be established in a shorter timeframe allowing a wider spatial distribution of ground data, and a broader spatial sampling. Using this new Forest Degradation PSP Protocol we were able to detect degradation events over a short time window within the demonstration plot network.


Degradation vs. Natural Changes

The data brought up an interesting question about what level of change constitutes degradation. All the plots in the demonstration network changed in biomass over the census period; however, it was clear that some small reductions in AGB and stem density did not constitute degradation. Many small patches of forest will naturally lose AGB in a given year due to tree mortality, therefore not all AGB losses between census periods are from anthropogenic disturbance. To determine if degradation has taken place it may be suitable to create a “cut-off” point for degradation based on the magnitude of negative changes in AGB or forest structure, where only losses greater than this cut-off point are classified as degradation. Determining what would be a suitable cut-off point needs to be based on local conditions rather than just selecting an arbitrary value for AGB loss and applying it across entire landscapes or region (Thompson et al., 2013). If all losses of AGB are assumed to be degradation then natural forest changes would also be included whereas, if a very high AGB loss is required for land to be classified as degraded, then this may exclude more small scale degrading practices such as fuelwood extraction (Vásquez-Grandón et al., 2018). Furthermore, the difference between absolute AGB change and percentage AGB change must be considered. For example, if a forest stand of 50 Mg ha–1 lost 10 Mg ha–1, this equates to a 20% loss of AGB, this is proportionally much greater than a forest of 150 Mg ha–1 that loses 10 mg ha–1, which would equate to a 7% loss of AGB. Therefore considering the percentage AGB loss alongside absolute AGB loss may help determine whether a forest is degraded.

Another means of determining whether degradation occurred is by attributing changes within plots to particular degrading activities. For example, if a cut tree stump is found within a plot then we can be certain that this individual loss constitutes anthropogenic degradation, regardless of a percentage change in AGB. However, detecting such changes is dependent on the census interval. Shorter census intervals increase the likelihood of locating stumps of cut individuals as decomposition of coarse woody debris can be rapid, with residency times of <4 years in tropical forests (Gora et al., 2019). Conversely, longer census intervals mean that identifying the specific cause of tree mortality is more challenging as there is more unobserved growth (Talbot et al., 2014). Using the method presented in this paper, we were able to attribute mortality of 83% of individuals to fire, showing that this protocol can determine not only changes in AGB but also the cause of degradation. Attributing changes within plots to people becomes opaque with some forms of degradation such as fire. With tree cutting it is clear that anthropogenic disturbance has taken place, whereas with fire it is not always clear if fires are natural or were started by people. Whilst forest degradation often refers to anthropogenic disturbances, natural degradation events such as wildfire must also be considered. Pearson et al. (2017) estimated that 17% of tropical forest degradation emissions come from fires and therefore they are an important source of emissions to quantify. However, identifying the difference between wildfires and human-ignited fires may be important as different policy and management interventions are required to prevent them. Whilst natural wildfires could be managed through the additions of firebreaks, reducing human-ignited fires – for example from escaped agricultural burning or attempted land-use change - requires cooperative forest management policies between people living near forest areas and forest managers (Chas-Amil et al., 2015).



Suitability of Protocol

Forest plots of similar dimensions have previously been used in degraded forest sites and in remote sensing analysis to map AGB, suggesting that the plot design used in this protocol is suitable for monitoring forest degradation. In the Congo basin plots of 25 m × 200 m were used to assess floristic composition in logged over forest (Réjou-Méchain et al., 2011; Ouédraogo et al., 2016). Plots of 20 m × 200 m have also been used in Cameroon, to calibrate SAR data to map forest AGB (Mitchard et al., 2011).

One novel aspect of this protocol making it particularly suited to forest degradation monitoring is the selective sample design, which ensures that PSPs are located within areas at higher risk of degradation or areas that are undergoing degradation. This is areas such as, close to roads, forest edges and settlements where there is a higher population density (Bryan et al., 2013; Kleinschroth et al., 2019), or within logging areas. By locating plots in areas that have a higher likelihood of being degraded, a lower sampling density can capture degradation. Biasing plot locations toward areas that are undergoing degradation is important for two reasons. Firstly, to accurately capture AGB losses and structural changes related to degradation on the ground. Secondly, by focusing on degraded areas it ensures there are sufficient ground truthing points for accurate calibration and validation of remote sensing products used to monitor degradation at larger spatial scales.

The degradation PSP protocol presented here is an improvement on existing protocols for monitoring degradation, as it allows for accurate estimate of AGB changes that result from degradation within every plot, Furthermore, such data can be used for calibration and validation of remote sensing products. Typically forest degradation protocols use single census inventory data, to compare degraded forest with intact reference forest, taking the mean AGB (Mg ha–1) in intact and degraded forests and assume that the difference in AGB is equivalent to the average AGB loss from degradation (e.g., Maniatis and Mollicone, 2010). However, this approach has some shortcomings; firstly, it is based on the false assumption that all forest (of a given forest type in a region) has the same starting AGB prior to degradation, and does not account for spatial heterogeneity in forest AGB. Secondly, by using single census data, you cannot detect the ongoing or gradual losses of AGB that are indicative of degradation. Finally, a single census approach is less useful for calibration and validation in remote sensing analysis to map degradation, as change data from plots, necessary for ground truthing, are not available.

The converse of our sampling approach is fully randomised designs. However, due to the heterogeneous and non-random distribution of degradation, such sample designs are likely inappropriate for monitoring degradation. Particularly in areas with low levels of degradation as the probability of encountering degraded areas is low, so unless resources are quasi-unlimited it is unlikely to be a sensible approach. Such randomised designs are often adopted for national forest inventory (NFI) plot networks, such as the Mexican or Zambian NFI (CONAFOR, 2015; Zambia, 2016). Countries are now required to report emissions from forest degradation to the UNFCCC under their commitments to the Paris Agreement (UNFCCC, 2015), principally under the reducing emissions from deforestation and forest degradation (REDD+) mechanism (Pistorius, 2012). Current guidelines suggest existing NFI networks can be used for monitoring forest degradation (IPCC, 2019), therefore many countries use such NFI networks for reporting. However, this approach will inevitably lead to high uncertainty in degradation estimates, as the untargeted nature of plots means that few will be degraded.

Errors in estimates of degradation are problematic for two reasons. Firstly, we need to improve global estimates of emissions from forest degradation; if we do not have accurate estimates of emissions then we are unable to appropriately reduce and mitigate those emissions. Secondly, there are financial mechanisms in place to support countries efforts to monitor forest degradation such as the World Bank’s Carbon Fund (Forest Carbon Partnership Facility, 2016), therefore if countries are underreporting forest degradation they could be rendering themselves ineligible for funding which could help tackle the problem.

We hope this new protocol is part of a solution to this problem, and encourage its adoption. We recognise that in some locations and ecological/disturbance systems (e.g., degraded mangrove forests) it will need to be modified or will not be appropriate, but hopefully some of the design features and considerations covered here will help improve monitoring of forest degradation.
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Plot

1 23.6 23.5 15.6 15:5 175 188 10.5 10.8 76.2 (63.0,91.9) 81.9 (69.0,99.1) 5.8 (3.0,8.5) 7.6 Gain
2 22.4 23.2 15.5 15.9 181 160 8.7 7.8 68.0 (567.9,78.6) 64.3 (65.1,75.9) -3.7(-6.1,-1.2) —5.4 Loss
3 20.9 20.8 14.9 14.8 369 385 15:5 15.6 107.7 (95.5, 120.9) 114.2 (102.9, 128.6) 6.5 (2.3,10.7) 6.0 Gain
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Upper and lower 95% confidence interval in parentheses. * Plot 6 was deforested between censuses.
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