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Figure 4.3 Signals of decreased stream biogeochemical stability; Color of out-ring represents the 

Thiel-Sen slope of the standard deviations of the stream response residuals with 7-year moving 

windows. No-sig. means no significant Thiel-Sen slope (p ≥ 0.1).  
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Chapter 5  

5 Discussion 

There are many studies exploring the relationships between global changes and local 

hydrological or nutrient cycles at the long-term monitoring sites (e.g., Knoepp et al., 2008; 

Sebestyen et al., 2011; Creed et al., 2014); however, only Creed et al. (2014) discussed the ideas 

of catchment hydrological stability in response to changes in global stressors. The overall signals 

of the effects of global stressors on catchment biogeochemical cycles (i.e., the correlations 

between the global stressors and stream responses) remain unclear. The purpose of this study 

was to explore the effects of global stressors (i.e., changes in air temperature, hydrological 

cycles, and atmospheric pollution) and local forestry management activities (i.e., physical and 

chemical treatments) on stream biogeochemical changes in various types of forests. 

5.1 Univariate vs. multivariate modeling environments 

Univariate linear trend analyses indicated that there were no clear links between changes 

in a specific global stressor and its effect on a stream response. A global stressor did not show 

any significant trend, but a related stream response at many sites did. For example, stream SO4-S 

concentration decreased significantly at ELA but atmospheric SO4-S deposition at this site did 

not change significantly. In contrast, a managed catchment at MEF (MEF04) received treatment 

in the form of additions of NH4-N and NO3-N during the study period but there was no 

increasing trend in either nutrient in streams. Stream responses depend on local site conditions 

and management activities (Sebestyen et al., 2011) in addition to changes in global stressors, 

amplifying or dampening these responses. Therefore, it is difficult to qualify or quantify 

correlations between changes in global stressors and stream responses through comparison of 

simple linear trends, especially given the relatively short time series in which significant trends 

are difficult to discover. 

Multivariate linear models had greater explanatory power for the stream responses than 

univariate linear trend analyses, suggesting that there are “new stories” (i.e., more correlations) 

to be found in the relationships between global stressors and stream response. However, although 

RDA results indicated which stressors are significant components in the models, the analysis did 
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not indicate which and how the stressors affect responses (i.e., what is in the black box of the 

stream responses?). Despite the lack of insights that RDA makes between stressors and responses 

– especially between corresponding stressors and responses such as stream SO4-S, NO3-N, and 

NH4-N – the significance of these models indicated that there may be interacting effects between 

both stressors and responses which may be predicted in a multivariate modeling environment. 

MARSS models were used to explore what is in the black box of the stream responses. 

MARSS models are unique among multivariate model methods in that they analyze and 

estimate for the specific contributions of environmental processes and observation errors to the 

measurements of environmental variables (Holmes et al., 2014). The unmanaged variability of 

environmental processes (referred to in MARSS as process errors) and observation errors 

together represent the differences between modeled and observed responses (i.e., MARSS 

modeling residuals); process errors are those portions of the residuals that can be attributed to 

environmental processes and observation errors are those portions of the residuals that can be 

attributed to human or technical errors. By estimating process and observation errors separately, 

MARSS models are able to take into account that there may be similarities or differences in the 

variances of either or both of these errors in any given ecosystem or between ecosystems, 

allowing for finer parameterization of equations and more robust models relating stressors to 

responses. Furthermore, the separation of process errors from overall residuals allows for 

evaluation of changes in trends of ecological process residuals independent of any change in 

observation errors; in this study, process errors were used to evaluate stream stability. 

Although MARSS modeling is a powerful tool for predicting the relationships between 

global stressors and stream responses, the modeling results depend on the number and type of 

stressors that are input into the models. In this study, other atmospheric depositions that may 

affect catchment biogeochemistry such as atmospheric phosphorus deposition were not available 

for input. Similarly, MARSS cannot discriminate between the effects of different but correlated 

stressors, even if two or more stressors may combine to impact stream responses. In this study, 

the large number of correlations between stressors dictated that separate models were developed 

for single stressors. I compensated for this by including time (water year) as a stressor and 

interpreted its impact to indicate the impacts of multiple stressors that may be correlated with 

time. MARSS results are also highly dependent on the structures of equation matrices (i.e., B, Z, 
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Q, R matrices). In environmental sciences, the interactions and variances between populations 

(B), geographic areas or scales (Z), and observation or process errors (Q and R) are frequently 

poorly understood (especially the interactions between constituents in streams with different but 

usually short retention times). I made assumptions in structuring these matrices based on expert 

opinion, but it cannot be said that the structures were comprehensive in representing the 

relationships between observation errors and between process errors at any or all sites.  

Nonetheless, while the Q and R matrix structures of the best fitting models varied between sites, 

one combination of same variance in Q matrix and different variances in R matrix (Appendix G) 

was found to have provided the best fits at seven of the ten sites, and these results are similar to 

those found in Ohlberger et al. (2016) and Zhu et al. (2017). 

5.2 Hypothesis 1: Global change effects on stream responses 

5.2.1 Geographic dependency of global stressor-stream response 
relationships 

Global change effects were geographically dependent – with climate warming effects 

greatest on northern sites, runoff change effects greatest on eastern sites, and recovery from 

atmospheric acidic deposition greatest near coastal sites, and with some sites responding to the 

interactive effects of climate change and the recovery from atmospheric acidic deposition. 

Global stressors had effects on stream responses at eight sites. Atmospheric acidic deposition 

changes were found to be stronger predictors of stream response changes at four sites, whereas 

climate changes were found to be stronger predictors at three sites, and only one site was 

affected by both atmospheric acidic deposition and climate changes. The hypothesis that global 

stressors were driving changes in trends in stream responses was supported by the findings in 

this study, but the prediction that the effects of the rapid reduction in at least some of the 

atmospheric acidic pollutants were stronger than the effects of less rapid changes in climate was 

more difficult to assess.  

The rise in atmospheric acidic deposition prior to the 1970s and the subsequent reduction 

(Shannon, 1999; Stoddard et al., 1999; Watmough et al., 2005) may lead to shifts in 

biogeochemical interactions in soils that could then affect stream exports (Schulze, 1989; 

Lawrence et al., 2015). Declines in atmospheric acidic deposition are due to the effectiveness of 
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the air pollution policies (e.g., Clean Air Act in U.S. and Eastern Canada Acid Rain Program in 

Canada) initialed during the 1970s in North America (Shannon, 1999). These policies and 

programs regulated industrial and municipal air pollutions (especially SO2 and NOx emissions) to 

the atmosphere (Stoddard et al., 1999). SO4-S depositions reduced substantially; e.g., Lawrence 

et al. (2015) found that atmospheric SO4-S depositions declined between 5.7% and 70% in 

eastern Canada and northeastern U.S. between 1985 and 2010, with the largest decreases in 

northern Ontario. In this study, seven sites had significant declines in SO4-S depositions between 

1989 and 2010 (between 2002 and 2017 at CWT). N depositions were not well recorded as part 

of the air pollution control programs (Stoddard et al., 1999). In this study, six sites had 

significant declines in NO3-N depositions and three sites had significant declines in NH4-N 

depositions during the study period. However, there was no correspondence between 

atmospheric acidic deposition rates and their effects on stream responses. For example, TLW and 

DOR experienced significant atmospheric acidic deposition declines, but stream responses were 

not affected by atmospheric acidic deposition or any other global stressors at these sites. 

Therefore, rapid declines in atmospheric acidic deposition did not significantly affect all long-

term monitoring sites.  

The rise in temperatures and changes in runoff affected the two northern long-term 

monitoring sites (ELA and MEF). The rates of climate warming, which are among the highest at 

the northern latitudes that were part of this study (Smith et al., 2015), may also lead to shifts in 

biogeochemical interactions in soils that could then affect stream exports (Smithwick et al., 

2009). For example, increased temperatures can increase the primary productivity of forests that 

leads to the retention of major nutrients (Boisvenue et al., 2006). Changes in runoff affect 

nutrient concentrations in streams, either by concentrating or diluting the nutrients (Wu et al., 

2013; Creed et al., 2015, 2018). In catchments with large topographic relief, precipitation is more 

quickly converted to runoff with shorter retention times in soils (Mengistu et al., 2013). These 

catchments will frequently also have thinner soil layers, further reducing the opportunities to 

mitigate the deposited acidic pollutants as they flow through the catchment to the stream. In 

catchments with small topographic relief, precipitation is more likely to be retained in deeper 

soils, including wetlands that act to store runoff (Devito et al., 1999; Creed et al., 2003) and 

transform nutrients from particulate to dissolved, or from dissolved to gaseous forms (Creed et 

al., 2003; Eimers et al., 2004). In this study, there were significant runoff changes at TLW, 
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BBWM, and HBEF – among these sites, stream responses were affected only at the site with the 

largest terrain relief (HBEF). However, it must be noted that the effects of increased or decreased 

runoff on stream nutrient concentrations vary more within years (as a result of short-term 

drought or extreme precipitation events or contrasts between wet and dry seasons) than between 

years. For example, despite the absence of a significant trend in runoff during the study period, 

seasonal changes in runoff are considered to have influenced the stream response at CWT which 

had the second largest terrain relief of the study sites. 

5.2.2 Management activities modify global stressor-stream response 
relationships 

There was no evident pattern in the relative sensitivity of the catchments to global 

stressors vs. local stressors. C matrix coefficients were used to compare the effects of global 

stressors in unmanaged catchments within local stressors to managed catchments where local 

stressors were applied. Among the sites, LEF, was the only site in which the average impacts (C 

matrix coefficients) for all stream responses were larger in unmanaged catchments than for 

managed catchments. This difference in impacts between unmanaged and managed catchments is 

likely due to the difference in the proportion of damaged forest between unmanaged and 

managed catchments from Hurricane Hugo in 1989, especially as the potential legacy effects of 

harvests that occurred over 100 years ago were likely small.  

There was some evidence of a pattern in the relative sensitivity of the catchments to the 

intensity of local stressors. For example, at MEF, the average impacts on stream responses for 

SO4-S, TDP, DOC, and Ca were smaller in MEF04 than in MEF06. MEF06 had a larger 

percentage of clear cut and, following the clear cut, had Na2SO4 applied in solution to 11% of the 

catchment area to augment the atmospheric SO4-S deposition by a factor of four for study 

purposes (Sebestyen et al., 2011); together, these may have induced higher impacts on stream 

responses. Furthermore, at CWT, the average impacts on stream responses for NH4-N and TDP 

were smaller in CWT07 than in CWT17. Both CWT07 and CWT17 were clear cut at the same 

time and to the same extent but harvesting was done in CWT07 with best management practices 

to protect riparian zones that can help mitigate changes in runoff (Frelich et al. 2018). Finally, at 

HJA, among the three managed catchments (HJA06, HJA07, and HJA10), the average impacts 

on stream responses were largest for HJA06, where in addition to clear-cutting an operational 
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road covering 9% of the catchment area was built. Operational roads frequently connect 

upstream drainage areas to streams and enhance rapid runoff (Wemple et al., 1996; Tague & 

Band, 2001). The higher the intensity of management activities within the catchment, the higher 

the magnitude of effect of the global stressor on the stream response.  

5.3 Hypothesis 2: Global change effects on stream stability 

5.3.1 Stream response stability 

Signals of decreased stability were found in one or more stream responses in catchments 

at all sites, including those in which stream responses were impacted by changes in global 

stressors as well as those in which stream responses were not impacted by changes in global 

stressors (DOR and TLW). At a significance level (p) of 0.1, these signals were found in exactly 

half of all stream responses from all catchments, meaning that on average half of the stream 

responses in any given catchment at any of these sites is showing signs of decreased stability. 

The hypothesis that global stressors are leading to decreased stability in stream responses is 

supported by the findings of this study.  

Signals of decreased stream response stability were only slightly more likely to be found 

in unmanaged catchments than in managed catchments. This suggests that management activities 

may interfere with the effects of global stressor changes on stream stability – in some cases 

increasing and in other cases decreasing stability. For example, at MEF and TLW, signals of 

decreased stability in stream responses were less likely to be found in unmanaged catchments 

(average 1.0 stream responses per unmanaged catchment) than in managed catchments (average 

1.6 stream responses per managed catchment). However, there was substantial heterogeneity in 

stream responses among managed catchments; e.g., MEF04 (clear cut in 1971) and MEF06 

(clear cut in 1981) showed no signals of decreased stability, and TLW31 (clear cut in 1997), 

showed signals of decreased stability.  

The ubiquity of decreased stability signals in unmanaged catchments at all long-term 

monitoring sites, even at sites that have not been shown to have been impacted by global 

stressors, suggests that something may be amplifying or diminishing the effects of global 

stressors on stability. This suggestion is reinforced by the fact that the difference in the average 
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number of stream responses in which signals of decreased stability were observed varied 

regionally. The sites are located in different ecoregions in which different soil and vegetation 

characteristics may play a part in modifying changes in biogeochemical cycling in response to 

subtler atmospheric changes.  

Signals of decreased biogeochemical stability were detected in each of the stream 

responses, but the distribution of responses in which these signals were found varied 

spatially. Stream NO3-N, NH4-N, and TDP had more significant trends (p < 0.1) than other 

stream responses and were more likely to have shown signals of decreased stability than other 

responses, suggesting that they are more susceptible to change than other stream responses. 

Among all catchments, stream TDP had most significant trends (53.7% catchments) and had the 

most frequently detected signals of decreased stream stability (43.9% of catchments). However, 

the dominant signal had regional differences. Particularly vulnerable were northern sites (ELA, 

MEF, TLW, DOR), where stream NO3-N and NH4-N trends were more frequently varied (41.2% 

for NO3-N and 70.6% for NH4-N), but signals of decreased stream stability were larger (41.2% 

of northern catchments for NO3-N, and 35.3% of northern catchments for NH4-N) compared 

to stream TDP (29.4% of northern catchments) suggesting early warnings of a shift 

to higher nitrogen in streams. In contrast, stream SO4-S trends were decreasing (47.1% 

catchments), but signals of decreased stream stability were detected in only one (5.9%) of the 

northern catchments. Stream Ca trends were increasing (reflecting recovery from atmospheric 

acidic deposition, as increasing soil pH raises soil Ca content (Watmough et al., 2005) which is 

then mobilized to streams), but signals of decreases stream stability which would be indicative of 

a shift to a state of higher Ca, were detected in only 17.6% of northern catchments. The 

decreases stream stability in Ca reflect a potential for even higher Ca concentrations in streams 

that are not realized due potentially to delays in recovery from acidification, perhaps due to the 

interactive effects of climate changes. If decreases in stability herald regime shifts, these signals 

in first-order catchments may portend negative consequences for downstream ecosystems and 

their functions and services. 
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Chapter 6  

6 Conclusion 

Forests are important source areas of water for society. Global atmospheric changes are 

leading to alterations in biogeochemical loads and decreases in biogeochemical stability in first-

order catchment drainage waters on forested landscapes. Global atmospheric changes are not in 

lockstep with biogeochemical responses, but there early warnings that ecosystems are being 

pushed past tolerance thresholds towards a regime shift. Such a regime shift would create a “new 

reality” for first-order catchments, and fundamental changes with cascading consequences in the 

freshwater ecosystem functions and associated services upon which society depends.  

6.1 Scientific findings 

New concepts in fields studying systems with great complexity and large uncertainties (e.g., 

biogeochemical cycles in forest ecosystems) can help guide researchers in the selection of data 

and analysis tools. In this study, the concepts of multivariate auto-regression and biogeochemical 

stability were applied using various types of analysis tool to explore the relationship between the 

changes of the global stressors and stream responses in different types of forest streams across 

North American with different experimental treatments. The major findings of this study were:  

 Finding 1: The effects of global changes on stream response variations were 

geographically dependent. Climate warming (i.e., temperature raising) effects were 

greatest in northern sites, runoff changes effects greatest in eastern sites, and recovery 

from acidic deposition greatest in coastal sites with higher elevations. Impacts of global 

stressor to stream responses in managed catchments varied geographically [i.e., the same 

forestry treatments (e.g., clear cut) can induce different changes in stream responses and 

biogeochemical stability at different sites]. There was no recognizable pattern in the 

relative sensitivity of unmanaged and managed catchments to global changes within or 

across sites. 

 Finding 2: The effects of global changes were creating instability in the magnitude and 

composition of stream nutrient exports at all sites, particularly for N and P exports. 
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Signals of instability in stream SO4-S can still be detected at many eastern sites after the 

large declines in atmospheric acidic depositions from 1970s to 1990s. 

Development of a predictive understanding of these global change effects is not a generalizable 

process. Global changes are driving changes and creating instabilities that vary as a function of 

the uniqueness of the catchment in time and space. Continued access to data from the network of 

long-term monitoring sites will be essential to revealing if the instabilities are indeed early 

warning of shifts to an alternative stable state in catchment nutrient exports, which will have 

fundamental consequences on the productivity and diversity of downstream ecosystem. 

 

6.2 Management implications 

The study of forest streams is important to environmental management, especially in 

forestry. Forest streams are significant sources of freshwater supplies for human consumption 

(Brown et al., 2008). Traditional forest management focuses on maintaining ecosystem 

sustainability based on the range of historical ecosystem conditions, but global atmospheric 

changes have pushed global and regional climates beyond the boundaries of the old conditions 

(Intergovernmental Panel on Climate Change, 2007). In addition to the effects of global 

atmospheric changes, local forestry management also plays a vital role in biogeochemical cycles. 

Many nutrients (e.g., N and P) strongly disturbed by global changes have the potential to cause 

hazardous algal blooms in large water bodies (Burford, 2005; Chapin et al., 2010; Razon, 2014; 

Creed et al., 2018). 

Concepts of ecosystem stability are also important to environmental management and 

have been promoted by researchers in ecological and biogeochemical fields as the most popular 

recommendations in the context of global environmental changes (Dale et al., 2001; Price & 

Neville, 2003; Spittlehouse & Stewart, 2003). These concepts have been introduced in 

sustainable forest management developments (Price & Neville, 2003; Spittlehouse & Stewart, 

2003). The idea is that stable forests will adapt to gradual environmental shifts and will be 

resistant to rapid disturbances (Millar et al., 2007).  
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At local management scales, large amounts of energy and resources are needed to 

maintain or restore forest ecosystems back to optimum conditions but with a high level of 

uncertainty in the results. A set of short- and long-term strategies enhancing ecosystem stability 

needs to be developed in response to the inevitable ecosystem changes that occur with global and 

local disturbances (Millar et al., 2007). For example, drainage systems should be developed for 

operational roads to contain or reduce rapid nutrient fluxes to streams. More wetlands should be 

created as barriers between terrestrial to aquatic systems. More dry-tolerant tree species should 

be introduced to regions that experience more frequent drought events.  

At regional scales, the findings of nutrient export differences in streams among the 

various forestry treatments can be used as a supportive reference for future best management 

practice policy and regulation development in forestry. For example, many catchments under 

clear cut treatment (e.g., MEF04 and MEF06) showed no signals of decreasing biogeochemical 

stability while others (e.g., HJA06 and TLW31) did show these signals. Further research is 

needed to test if young forests are more stable to the global changes and if this can be 

generalized to other forest types or regions, and to determine whether this analysis method is 

applicable to other catchments with different land-use properties.  

The approaches used in this study can contribute to environmental management at global 

scales as well. At global scales, this study provided an alternative view to conventional studies 

by examining the relationships between multiple global stressors and forest and stream 

ecosystems, and exploring the impacts of global changes to biogeochemical stability. A large 

proportion of nutrients in streams come directly from long-range transport of air pollutants 

produced from human activities such as industry and agriculture (Lovett & Kinsman, 1990; 

Camarero et al., 2017); more comprehensive and sophisticated air pollution prevention and 

energy conservation policies should be written or enhanced to avoid injecting large quantities of 

N and P into the atmosphere from industry and agricultural practices. 

The network of international long-term monitoring sites that provides data to support 

these kinds of studies should be promoted to increase monitoring and share resources, as well as 

to inspire more research interests in environmental protection. Many long-term monitoring sites 
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are facing problems of decommissioning or funding shortages. This study shows the importance 

of keeping these sites. 

6.3 Future research 

More long-term monitoring sites could be included as an international network for future 

study of the approaches used in this study. This study used biogeochemical observations and 

other types of data (i.e., ecological regions, forest type, and forestry treatment information, etc.) 

from ten long-term monitoring sites in North America. Data from numerous long-term 

monitoring sites around the world (Kim, 2006; Porter, 2010) with similar and different climatic, 

geological, biological and vegetation characteristics and different types of global and local 

disturbances (e.g., hurricanes, wildfires, and mining, etc.) could be used to enrich the database in 

this study for an expanded study. Further, the feasibility and reliability of MARSS models could 

also be tested with more modeling samples at other long-term monitoring sites.  

It may be anticipated that the same global stressors applied in this study also play vital 

roles in changing stream biogeochemical concentration and stability globally, especially in the 

northern regions (i.e., temperate climate with snow and fully humid warm summer) where there 

are more rapid acidic deposition declines (Pardo et al., 2011; Lawrence et al., 2015; Richon et 

al., 2018). It may also be expected that future studies would provide similar empirical supports 

for the idea that forest stream ecosystems are showing signs of shifting towards a “new normal” 

which can be exacerbated by local management activities.  

The concepts of biogeochemical stability have evolved to include cross-scale analysis 

with a greater appreciation of how spatial interactions govern landscape stability (Smithwick, 

2011). Methods similar to those used in this study can be used in the exploration of downstream 

cascading effects using nutrient export from up-streams as stressors. Biogeochemical 

observations from higher-order streams or downstream rivers/lakes could be used to as responses 

to test the correlations between biogeochemical correlations and stability up- and down-stream. 

It may be anticipated that biogeochemical cycle changes in first-order catchments would affect 

the biogeochemical stability downstream. However, nutrient interactions in lake systems are 
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more complex than in first-order streams, thus more sophisticated MARSS models should be 

developed for these types of studies.  

Future studies can also be expanded by increasing the number of stream responses that 

are input and modeled to explore more deeply the correlations between global stressors and 

stream responses. For example, traditional studies are often focused on the dynamics of 

inorganic N (Dittman et al., 2007), and this study also only used inorganic forms of N as 

responses. However, many studies also suggest studying DON (Neff et al., 2003). DON analysis 

at TLW showed that DON exports can also be affected by runoff changes (Creed & Band, 1998) 

or increases in temperature (Boisvenue et al., 2006). Therefore, adding DON to a stream 

response pool may produce different modeling results and different conclusions about stream 

response stability. 

Finally, MARSS modeling could be applied to the study of the biogeochemical 

correlations and stability in different ecosystems. This approach could be utilized in various 

contexts such as agricultural fields [e.g., in Maumee River (Ohio) where there are increasing 

occurrences of algal blooms (Bridgeman et al., 2012; Michalak et al., 2013; Stow et al., 2015)], 

or in fish farming waterbodies [e.g., in the eastern coasts of Canada where large amounts of 

nutrients have been dumped in the ocean (Brager et al., 2015; Lalonde et al., 2015)].  

To summarize, similar approaches in the study of correlations between global 

atmospheric changes and biogeochemical changes could be applied in more forest ecosystems 

globally with more types of observations (i.e., more stream nutrient exports) or in other types of 

ecosystems such as downstream lake and coastal systems. The scientific findings could inform 

more comprehensive environmental policies and management strategies to ensure protection or 

conservation of biogeochemical stability in surface waters.  
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